Two-dimensional simulation of heat and fluid flow in geothermal systems. by Cheng, Mo Chun, 1952-
INFORMATION TO USERS
This was produced from a copy of a document sent to us for microfllming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted.
The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction.
1. The sign or “target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity.
2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant tc delete 
copyrighted materials that should not have been fîlmed, you wKl find a 
good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in “sectioning” 
the material. It is customary to begin Aiming at the upper left hand comer 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again—beginning 
below the first row and continuing on until complete.
4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department.
5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy.
Universi^
M iodhlm s
International
3 0 0  N. Z E E B  R O A D ,  A N N  A R B O R ,  Ml 4 8 1 0 6  
18 B E D F O R D  ROW, L O N D O N  WC1R 4 E J ,  EN G L A N D
8016924
CHENG, MO CHUN
TWO-DIMENSIONAL SIMULATION OF HEAT AND FLUID FLOW IN 
GEOTHERMAL SYSTEMS
The University of Oklahoma PH.D. I98O
University 
Microfilms
Internetiondi m  N. Zeet Road. Ann Arbor. MI 48106 18 Bedford Row, London W QR 4EJ, England
Copyright 1980 
by
CHENG, MO CHUN
All Rights R eserved
\
J
THE UNIVERSITY OF OKLAHOMA 
GRADUATE COLLEGE
TWO-DIMENSIONAL SIMULATION OF HEAT AND FLUID FLOW IN 
GEOTHERMAL SYSTEMS
A DISSERTATION 
SUBMITTED TO THE GRADUATE FACULTY 
in p a r t i a l  fu l f i l lm e n t  o f  the  requirements fo r  the
degree of 
DOCTOR OF PHILOSOPHY
BY
MO CHUN CHENG 
Norman, OKLAHOMA 
1980
TWO-DIMENSIONAL SIMULATION OF HEAT AND FLUID FLOW IN 
GEOTHERMAL SYSTEMS 
A DISSERTATION
APPROVED FOR THE SCHOOL OF PETROLEUM AND GEOLOGICAL ENGINEERING
BY
^  W /-
0  0  "
This d i s s e r t a t i o n  i s  dedicated to  my parents 
Mr. and Mrs. Kay-Yu Cheng 
and my wife 
Rebecca Chun-Ying Cheng
Acknowledgments
The author wishes to  express his s incere  appreciation to his 
d i s s e r t a t i o n  committee members. Dr. H.B. Crichlow, Dr. A.W. McCray,
Dr. D.E. Menzie, a l l  of School of Petroleum and Geological 
Engineering, Dr. J .E .  Fagan, School of E lec t r ica l  Engineering 
and Computing Sciences,  and Dr. F.M. Townsend, School of Chemical 
Engineering and Materia ls  Sciences.
The author is  p a r t i c u l a r ly  indebted to his d i s s e r t a t io n  
a d v ise r ,  Dr. H.B. Crichlow, who gave so generously of his precious 
time throughout the inves t iga t ion  and preparation  of th i s  d i s se r t a t io n .  
His guidance,  support ,  pa tience ,  encouragement, understanding, 
i n s p i r a t i o n ,  humor and philosophy made t h i s  d i s s e r t a t i o n  possible.
The author i s  a lso  indebted to his parents  who have supported 
h is  education and who a re  responsible  in the f i r s t  place for teaching 
him the  importance and necess i ty  of  education.
F ina l ly ,  I am indebted to my wife ,  Rebecca Chun-Ying Cheng, 
who not only gave continous encouragement and support fo r  my 
d i s s e r t a t i o n  but a lso  suffered from spending countless  number of 
hours and hours and hours without me.
TV
List  of Figures
1 Pressure-enthalpy diagram 15
2 Development o f  model equations 16
3 Block-centered grid 20
4 Cell configura tion 21
5 Flowchart: main algorithm 37
6 Interb lock ce l l  configura tion 72
7 Reservoir  grid  fo r  Mercer and Faust problem 77
8 Reservoir grid  for  East Mesa f i e l d  problem 87
Lis t  of  Tables
1 Data g i v e n  in Mercer and Faust 78
2 Program run parameters 79
3 Simulation r e s u l t s  of Mercer and Faust problem 80
At = 0.259200x10^ sec ( 30 days )
4 Comparisiens between CGS re s u l t s  and those of Mercer 82
and Faust
5 Number of i t e r a t i o n s  per time step  83
6 Simulation r e s u l t s  of Mercer and Faust problem 85
At = 1.555200x10^ sec ( 180 days )
7 Data fo r  East Mesa f i e ld  problem 88
8 Simulation r e s u l t s  of East Mesa f i e l d  problem 89
VI
Lis t  of Simulator ( CGS ) Routines
CGS MAIN 48
ALSIP 51
CELL 51
COEH 52
COEP 53
CONTER 53
FUNPHA 54
GRID 60
HSHW 60
INPUT 61
MBC2 62
METDER 63
OUTCEL 64
OUTIN 65
PGR 66
PREDIH 66
RELAX 67
RELPER 67
RESULT 68
ROCKH 69
SIP 70
TITLE 71
TRANSM 71
VI 1
72
UPSTRM
WELL
V I 11
CONTENTS
Acknowledgment iv
L i s t  of Figures v
L i s t  of Tables vi
L i s t  of Simulator ( CGS ) Routines vi i
CHAPTER ONE
INTRODUCTION
1.1 In troduction  to  Geothermal Reservoirs 1
1.2 Geothermal Reservoir  Simulation 1
1.3 Statement o f  the Problem 3
1.4 L i t e r a tu r e  Review 5
CHAPTER TWO 
MODELING AND SIMULATION
2.1 Model 13
2.2 Development of Model Equations 14
2.3 F in i te  Difference Analog 20
2.4 Solut ion Method 29
2.5 Matrix Solution Method: SIP 38
IX
2.6 Computer Geothermal Simulator: CGS 47
2.7 Simulator Subroutines 51
CHAPTER THREE 
RESULTS
3.1 Testing of Simulator: CGS 76
3.2 Simulation Results 1: Mercer and Faust Problem 76
3.3 Simulation Results 2: East Mesa Field  Problem 85
3.4 Conclusions 90
Nomenclature 92
References 96
Appendix 100
A Sample of CGS Output
CHAPTER ONE 
INTRODUCTION
1.1 In troduction to Geothermal Reservoirs
Geothermal re se rvo i r s  can be c l a s s i f i e d  in to  three  types as 
compressed-water type ( one-phase ) ,  water-steam type ( two-phase ) 
and superheated-steam type { one-phase ) .  In compressed-water type,  
the pressure  co n t ro l l in g  phase is  the  one-phase l iqu id  water. Examples 
are the  Wairekei f i e l d  in New Zealand and the Cerro Pr ie to f i e l d  in 
Mexico. In water-steam type,  e i t h e r  l iq u id  water and/or steam can 
be the  pressure  con t ro l l ing  phase(s) ,  depending on the sa tu ra t ion  
of each phase. This type of  r e se rv o i r  usual ly  r e s u l t s  from the 
producing of geothermal f lu i d  of the  other  two types.  In superheated- 
steam type ,  the  pressure c on t ro l l ing  phase i s  the one-phase vapor 
steam. Examples a re  the Geysers in C al i fo rn ia  and the Lardare llo  
f i e ld  in I t a l y .  Among the th ree ,  the  f i r s t  i s  probably the most 
common in the world. Today, the generat ion of e l e c t r i c i t y  from 
geothermal r e s e rv o i r  f lu i d  is  the main app l ica t ion  of the geothermal 
resources.
1.2 Geothermal Reservoir Simulation
The knowledge of petroleum re s e rv o i r  simulation has been used
fo r  studying the  behavior of geothermal r e s e rv o i r s  ( 1,2 ). Thus, a 
compressed-water type can be considered as a s ingle -phase  o i l  
r e s e rv o i r ,  a superheated-steam type as a dry gas r e s e rv o i r ,  e tc .  The 
ob jec t ives  of geothermal simulation can be summarized by the following:
1. To est imate  f l u i d  and energy reserves .
2. To obta in  information about the geothermal system —  boundary
condi t ions ,  r e s e r v o i r  geometry, rock p ro p e r t i e s ,  e tc .
3. To study subsidence e f fec t s  as a r e s u l t  of  the unusually large
withdrawal of f l u i d  ( in terms of mil l ions  of pounds of water per
day ) from the geothermal system.
4. To study thermodynamic changes on the produced and the re in jec ted
geothermal f l u i d s .
5. To study the  e f f e c t s  of r e in je c t io n  of  produced geothermal f lu id  
into the system.
6. To study the  environmental e f f e c t s  of the dissolved gases ( l ik e  
NHg , HgS ) in geothermal f lu id .
The in je c t io n  of produced geothermal f l u i d  back in to  the 
geothermal system is e sp ec ia l ly  important.  This process serves 
th ree  main purposes.  F i r s t ,  probably the most important ,  i t  helps
maintain the pressure  and heat in the  re se rv o i r .  Second, i t  can
minimize the subsidence of the r e se rv o i r  ( i f  any ) as discussed 
before.  Thi rd,  i t  can solve the problem of 'was te '  geothermal 
f l u i d  d i s p o s a l .
The economics of the operation of a geothermal power p lan t  l i e s  
in the f a c t  t h a t  the maximum amount of heat  be ex t rac ted  fo r  the 
producing l i f e  span of the  geothermal re s e rv o i r .  For a given s ize  • 
of r e s e rv o i r  and a given ra ted power p lan t ,  i t  is  des i rab le  to keep
the system opera ting fo r  a given l i f e  span, e .g .  25 years .  The reason 
is  obvious. The investment in a geothermal power p lan t  i s  a m u l t i ­
m il l ion  p ro jec t  t h a t  requires  the re tu rn ing revenues be paid o f f  
in i t s  fu tu re  opera ting period.  A power plant  b u i l t  to operate 
fo r  j u s t  a few years  wil l  be a d isas t rous  investment.
The ob jec t ive  of opera ting a geothermal power p lan t  fo r  a 
c e r t a in  desired  period of time can be done by carefu l management of 
the geothermal r e s e rv o i r .  Thus, in jec t ion  and production ra te s  are 
to be se lec ted  such th a t  the re se rv o i r  is  not producing too slow to 
give i n s u f f i c i e n t  amount of  heat to dr ive  the power p lan t  and the 
re se rv o i r  i s  not deple t ing too f a s t  to shorten i t s  producing l i f e  
span. In ad d i t io n ,  spacing of in jec t ion  and production wells is  
s i g n i f i c a n t .  In jec t ion  f l u i d  ra te s  and temperatures mast be chosen 
such th a t  the  r e s e rv o i r  pressure  is  kept to a c e r t a in  l im i t  and a t  
the same time ea r ly  breakthrough of the in jec t io n  f l u i d  cool f ron ts  
a t  the d i f f e r e n t  production wells are  to be avoided. A cool f r o n t  
i s  usually  a t  a r e l a t i v e l y  lower temperature than th a t  of the geothermal 
f lu id  in a production well .  Actual ly ,  when a cool f ro n t  a r r iv e s  a t  
a production w e l l ,  the operat ing economics of the well i s  over,  fo r  
i t  no longer can d e l iv e r  enough heat to the power p lan t .  Through 
judic ious  r e s e rv o i r  simulation work and economic a n a ly s i s ,  the 
opt imizat ion of the  maximum recovery of heat in a d e s i r ab le  period 
of time may be achieved.
1.3 Statement of  the Problem
The development and the app l ica t ions  of an e f f i c i e n t  two-dimensional 
( x-y ) ,  two-phase, f i n i t e  d i f ference  type geothermal r e s e rv o i r  simulator
is  the ob jec t ive  of t h i s  study. The simula tor  can be used to 
simulate a geothermal r e s e rv o i r  of any of the th ree  types discussed 
e a r l i e r .  Sinks and sources can be included in the simula tor,  
allowing the  study of the  production and re in je c t io n  of  geothermal 
f lu id s  from and in to  the r e se rv o i r .
However, geothermal r e s e rv o i r  simulation i s  not without i t s  
d i f f i c u l t i e s .  The s imulation of the  geothermal system involves 
the t r a n s p o r t  of both f l u i d  and heat ,  opposed to t h a t  of f lu id  
only in the  usual black o i l  r e s e rv o i r  simula tion.  This i s  fu r th e r  
complicated by the f a c t  t h a t  the geothermal f l u i d  is  usua l ly  not 
pure water but r a th e r  water of high s a l i n i t y  and composed of 
d i f f e r e n t  minerals l i k e  s i l i c o n ,  magnesium, e t c .  The model 
describ ing the t ranspo r t  of f l u i d  and heat in s a l i n e  systems wil l  
have to take  in to  cons idera t ions  the  e f fec t s  such as lowering of 
water vapor pressure ,  changes in c a p i l l a r y  pressure ,  as a r e s u l t  
of the presence of the  s a l t  concen tra t ions ,  along with the f lu id  
being a t  a r e l a t i v e l y  high temperature ( usual ly  200°C and above ) .  
Thus, a very complicated phase e q u i l i b r i a  might occur ( 3 ).  Also, 
l i t t l e  is  known about the dependence of rock p roper t ie s  l i k e  poros i ty ,  
permeabil i ty ,  on these  chemical changes and a t  these  high temperatures.  
Moreover, as a r e s u l t  of the  changes of pressure  and temperature ,  the 
f lu id  in c e r t a in  geothermal r e s e rv o i r  grid  blocks will  change from one 
s t a t e  to another during s imula tion.  This problem will  usually  lead 
to uns table  simulation computations as well as la rge materia l  and 
energy balance e r ro r s .  F in a l ly ,  today the l imi ted  supply of 
r e l i a b l e  geothermal data precludes the  comprehensive t e s t i n g  of  
the v a l i d i t y  of geothermal s imula to rs .  As more data become ava i lab le
in the fu tu re  th i s  t e s t i n g  will  become rout ine .
1.4 L i te ra tu re  Review
The following presents  a l i t e r a t u r e  review on the mathematical 
simulation of geothermal re se rvo i r s .  The l i t e r a t u r e  fo r  geothermal 
r e s e rv o i r  simulation is  r e l a t i v e ly  l imited as compared to th a t  of 
petroleum re se rv o i r  simulation.  The reason is  simply th a t  the 
simulation of  geothermal systems i s  s t i l l  in i t s  developmental 
stage .
Work of Whiting and Ramey ( 3 )
Whiting and Ramey developed a zero-dimensional simulator 
including f l u i d  influx by making use of the thermodynamic p r in c ip le s ,  
material  and energy balances.  These authors indicated tha t  the 
knowledge of mass withdrawals and the enthalpy of the f lu id  withdrawn 
was important fo r  the modeling of geothermal re se rv o i r .  Their  model 
can be used to  est imate  the i n i t i a l  conditions and to  match the past  
performance h is to ry  and predic t  the  fu tu re  performance of the 
geothermal r e se rvo i r .  Using th is  model, the production data of the 
Wairakei geothermal f i e l d  in New Zealand were matched successfu lly .  
The materia l-energy balance equation derived by these  authors i s :
Wp ( h p  -  ) + Ul  ( -  E J  M  = w {  E ,  -  M  ) •
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Work of Harlow and Pracht ( 4 )
Harlow and Pracht performed a th e o re t ic a l  study of the ex trac t ion  
of geothermal energy from a dry geothermal we l l .  Their  model were 
combined equat ions  descr ib ing  the coupled process of rock f r ac tu re ,  
f lu id  flow and heat  t r a n s p o r t  of a s ing le  phase ( compressed-water ). 
From t h e i r  example s t u d i e s ,  they concluded th a t  la rge  amount of energy 
can be ex trac ted  from dry wel ls  penetrating hot rock under favorable 
condit ions .  However, the authors did in d ica te  th a t  actual  f i e l d  
data was s i g n i f i c a n t  fo r  confirming t h e i r  r e s u l t s . .
Work of Gould ( 5 )
Gould presented a geothermal well bore model which included 
two-phase pressure  drop, flow regime change, phase change, r e l a t i v e  
steam-water ve loc i ty  and heat  t r a n s f e r  from the f l u i d .  This model 
can be used to c a lc u la te  p ressu re ,  temperature and steam qua l i ty  p ro f i l e s  
in a geothermal well bore. Their  p ro f i l e s  can aid in the ca lcu la t ion  
of wellbore d e l i v e r a b i l i t y .  Gould applied his model to study the 
Wairakei and the Broadlands geothermal f i e l d s  of New Zealand. Over 
a l l ,  the model r e s u l t s  matched f a i r l y  well with the f i e l d  data.
Work of Faust and Mercer ( 2 )
Faust and Mercer developed a G a le r k in - f in i t e  element model for  
simulating vapor-dominated, two-phase, and l iquid-dominated geothermal 
re se rvo i r  systems. The model is  made up of two nonlinear pa r t ia l  
d i f f e r e n t i a l  equations derived from the conservation equations of 
mass, energy and momentum in porous media. Pressure and enthalpy are 
the  dependent va r iab les  to be solved in the model. The authors applied
th i s  model to study several hypothetical  examples: one-dimensional, 
s t e a d y -s ta te  v e r t i c a l  flow, multiphase horizontal  flow and two- 
dimensional horizontal  flow. Their  computed r e s u l t s  agreed with 
the expected behavior of geothermal r e se rv o i r s .
Work of Garg e t  a l .  ( 6 )
Garg e t  a l .  presented a f i n i t e  d i f fe rence  model f o r  simulating 
s ing le -  and two-phase geothermal f lu id  flow in one, two, or th ree  
dimensions. In t h i s  model, mixture ( l iqu id-vapor  ) dens i ty ,  
mixture energy, rock energy and mass t r a n s f e r  r a t e  { from l iqu id  
to vapor ) are the  unknowns to be solved. These authors  used th i s  
model to study t r an sp o r t  of mass and energy in l i n e a r  bench-scale 
labora tory  models conducted a t  Stanford Univers ity .  The theore t ica l  
and experimental r e s u l t s  were in good agreement. Garg e t  a l .  also 
s tudied production and in je c t io n  in to  a hypothetical  geothermal 
r e s e rv o i r  by using th i s  model and concluded th a t  maximum gross power 
output could be obtained with r e in je c t io n  of f lu id  in to  the 
geothermal r e se rvo i r .
Work of Lasse te r e t  a l .  ( 7 )
Lasse ter e t  a l .  studied geothermal re se rvo i r s  by using a 
computer program cal led  SHAFT ( Simultaneous Heat and Fluid Transport  ) 
This computer model can be used to  simulate one- or  two-phase 
reservo i rs  for  t r a n s ie n t  or steady s t a t e  in one, two or th ree  
dimensions. Density and in te rna l  energy are the two unknowns to be 
solved in th i s  f i n i t e  d i f fe rence  model fo r  s t r i c t  guarantee of 
conservation of mass. The authors t e s t ed  SHAFT by applying the
program to two hypothetical  geothermal systems, one l iquid-dominated,  
the o th e r ,  vapor-dominated. However, no attempt was made to model 
actual  f i e l d  performance.
Work of  Robinson and Morse ( 8 )
Robinson and Morse developed a one-dimensional f i n i t e - d i f f e r e n c e  
geothermal model which included the e f f e c t s  of g rav i ty ,  c ap i l l a ry  
p ressure ,  phase change, heat  conduction and convection.  The authors 
used t h i s  model to  study the e f f e c t  of production ra te  on the ult imate  
heat produced fo r  th ree  hypothetical  geothermal systems which were 
re se rv o i r s  with a f i n i t e  water content ,  a low r a t e  of water in f lux ,  
and a high ra t e  of water in f lux .  From t h e i r  s tu d ie s ,  they concluded 
th a t  pressure  in l iquid-dominated r e s e r v o i r  should be reduced fo r  
i n - s i t u  f l a sh in g  of water to steam fo r  bes t  production.  Also, the 
r e i n j e c t io n  o f  f l u i d  in to  a l iquid-dominated r e se rv o i r  would not 
give s i g n i f i c a n t  improvement in heat ex t rac t ion  except in re se rvo i r  
with low poros i ty .
Work of  Mercer and Faust  ( 9 )
Mercer and Faust  presented a geothermal model s im i la r  to th a t  
of Faust  and Mercer ( 2 ).  The model i s  capable of simulating 
t r a n sp o r t  of heat  and flow of compressed-water, steam-water mixture, 
and superheated-steam in a porous medium. Fluid pressure and 
enthalpy are  the  two dependent va r iab le s .  The authors applied th is  
model and the Mercer 's  model ( 2 ) to  study a hypothetical  hot-water 
r e s e rv o i r  with  i n i t i a l  condit ions  approximately equal to those in 
the Wairakei f i e l d  in  New Zealand. Results of both models agreed
very well .  Also,  a hypothetical  vapor-dominated re se rv o i r  was 
simulated using th i s  model and the  Toronyi 's  model ( 1 ) . Again, 
the  r e s u l t s  of  both models were very c lose .
Work of Tansev e t  a l .  ( 10 )
Tansev e t  a l .  developed a wellbore  model t h a t  combined equations 
f o r  heat  t r a n s f e r ,  v e r t i c a l  pressure  drop and pump capacity  to 
simulate  two-phase s tead y -s ta te  flow behavior of a geothermal well.  
P ressure ,  temperature and q u a l i ty  were solved as a function of depth.
This model was used to study the data  from the Broadlands and Wairakei 
f i e l d  in New Zealand, the Otake f i e l d  in Japan and the  Imperial Valley 
in C a l i fo rn ia .  The ca lcula ted  r e s u l t s  { c h ie f ly  wellhead parameters ) 
matched very well with a l l  the f i e l d  data except those from the  
Imperial Valley.  The authors concluded t h a t  the  model can be used to 
determine an optimal flow ra te  f o r  a geothermal w e l l ,  design well 
completions,  p red ic t  ava i lab le  energy a t  the  wellhead, e tc .
Work of Toronyi and Farouq Ali ( 1,11 )
Toronyi and Farouq ATi presented a simula tor fo r  studying 
production from a two-phase geothermal r e s e rv o i r .  The s imula tor  is  
made up of a r e s e rv o i r  model and a wel lbore model which are  coupled 
toge ther .  The r e se rv o i r  model i s  a f i n i t e - d i f f e r e n c e ,  two-dimensional, 
two-phase model t h a t  descr ibes the flow of  mass and heat of f lu i d  w i t h i n  
an an iso t ropic ,  heterogeneous porous medium. The wellbore model 
is  a one-dimensional model t h a t  describes  the flow of a homogeneous, 
two-phase mixture.  Pressure ,  water s a tu r a t i o n ,  and pressure ,  qua l i ty  
a re  the  unknown var iab les  to be solved in the r e se rv o i r  model and the
10
wellbore model re spec t ive ly .  From the simulation study, the authors 
c l a s s i f i e d  two-phase geothermal re se rvo i r  in to  th ree  types: vapor- 
dominated, l iquid-dominated,  and mixed domination. Also,  reservo i rs  
of low poros ity  and permeabil i ty  type were good candidates fo r  
forming superheated regions .
Work of Martin ( 12 )
Martin analyzed in te rn a l  steam drive in geothermal r e s e rv o i r  by
applying the model fo r  so lu t ion  gas drive  in petroleum rese rvo i r .
In th i s  geothermal model, hot water and steam production are 
determined by t h e i r  re spec t ive  m ob i l i t ie s .  By studying the p lo ts  of 
pressure  vs cumulative f l u i d  production, pressure  vs cumulative heat 
produced, the authors concluded th a t  hot-water re se rvo i r s  can have 
complicated production performance. Also, more ex t rac t ion  of heat 
can be done by s e t t in g  wells  high in the re se rvo i r  to increase steam 
production and decrease water production. More importantly,  the 
authors indicated  th a t  petroleum rese rvo i r  engineering can be applied 
to geothermal systems th a t  involve the flow of f lu id  in porous media.
Work of Faust and Mercer ( 13 )
Faust and Mercer presented a two-dimensional,  f i n i t e - d i f f e r e n c e  
model fo r  simulating l iq u id -  and vapor-dominated geothermal re se rvo i rs .  
The model is  based on the  equations developed in the G a le rk in - f in i t e  
element simulator  of Mercer and Faust ( 9 ) ; f lu id  pressure  and 
enthalpy are the unknown dependent va r iab les .  The authors used th i s  
f i n i t e  d i f ference  model to study several  examples and campared the 
r e s u l t s  obtained with those of the f i n i t e  element model. Based on
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t h e i r  comparisi on, they concluded th a t  the f i n i t e  element model is  
adequate fo r  single-phase r e s e rv o i r ,  which permits b e t t e r  approximations 
of boundary and in te rnal geometries while the  f i n i t e  d i f f e rence  model 
i s  more s u i t a b le  fo r  two-phase r e s e rv o i r ,  which r e s u l t s  in s tab le  
c a lc u la t io n s .  Also, coning and perco la t ion  were mentioned as d i f f i c u l t  
problems in geothermal r e s e rv o i r  simula tion.
Work of Brigham and Morrow ( 14 )
Brigham and Morrow analyzed geothermal re se rvo i r s  by studying the 
p lo ts  of  p/Z ( p=pressure, Z=compressibi l i ty ) vs f r a c t i o n  of f l u i d  
produced. They studied th ree  basic  geothermal systems. The f i r s t  is  
a steam type.  The second i s  a water-steam one. And the  th i rd  i s  a 
water type.  From th e i r  s tu d ie s ,  they concluded th a t  low poros ity  
would give c o r r e c t  p lo t s .  Also, i t  i s  des i rab le  to lo c a te  bo i l ing  
water e x i s t in g  deep in a r e s e rv o i r .  Furthermore, the authors indica ted  
th a t  p ressure ,  temperature,  and enthaply measurements o f  geothermal 
steam cannot be used as complete ind ica to rs  for determining the 
or ig ina l  s t a t e  of the geothermal system.
Work of Thomas and Pierson ( 15 )
Thomas and Pierson developed a three-dimensional f i n i t e  d i f fe rence  
model fo r  th e  simulation of geothermal r e se rv o i r s .  The model is  
adequate fo r  reservo i rs  t h a t  contain water in any of i t s  vapor or  
l iqu id  s t a t e s .  The unique fe a tu re  of the model is  t h a t  i t  includes 
treatment f o r  changes of s t a t e s  during a time s tep ,  which r e s u l t s  in 
very s tab le  ca lcu la t ions  and minimum pressu re ,  heat  balances and 
materia l  balances e r ro r s .  The model can be used to study e n t i r e
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f i e l d ,  c ro s s -sec t iona l  or individual well systems. The authors 
compared t h e i r  model r e s u l t s  with those of Toronyi 's  two-phase 
problem and those of Stanford two-phase problem. The r e s u l t s  
agreed. They a lso  studied a three-dimensional example and a 
rad ia l  example. Based on t h e i r  s tu d ie s ,  the authors claimed tha t  
t h e i r  s im ula to r  was a very comprehensive and s tab le  one. Also, 
they ind ica ted  th a t  the formation of superheated-steam is dependent 
upon the pressure  decl ine  in a geothermal re se rv o i r .
CHAPTER TWO 
MODELING AND SIMULATION
2.1 Model
The two-dimensional geothermal r e s e r v o i r  s imula tor developed in 
t h i s  study follows th a t  of Mercer and Faust ( 9,13 ) .  The model 
descr ib ing  the  horizontal  t r a n s p o r t  o f  f l u i d  and heat in a geothermal 
re s e rv o i r  can be represented by the following two simultaneous 
nonlinear  p a r t i a l  d i f f e r e n t i a l  equations:
V. ( —  VP ) + V. ( VP ) + bq + bq
-  ( 1 )
^w
)h >P ’ '’1 > + "  V w
a
= b ^  [ (j)ph + ( I -  )p^h^] ( 2 )
with Neumann boundary condit ions:  
a t  X = 0 and x = L,
13
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3 P
1 ^ = 0  ( 4 )
a t  y = 0 and y = W,
3P
= 0 ( 5 )
= 0 ( 6 )
3y
3 h
" W
where
P = geothermal f lu id  pressure  = P ( x , y , t  ) 
h = geothermal f lu id  enthalpy = h ( x , y , t  )
3 3
9x ay
9 = 1 + j3x 3y
fo r  o ther  no ta t ions ,  see nomenclature.
2.2 Development of Model Equations
The geothermal f lu id  in th i s  study i s  assumed to be pure water 
and as such the s t a t e  of the  f lu id  can be determined by the use of the 
pressure-entha lpy diagram fo r  pure water ( f i g . l  ) i f  pressure  and 
enthalpy of the geothermal f lu id  are known.
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Fig. I Pressure-enthalpy diagram ( equation of s t a t e  ) for pure 
water and vapor showing three thermodynamic regions below the 
c r i t i c a l  point  ( apex of parabola ): ( 1 ) compressed-water,
( 2 ) two-phase steam-water, and ( 3 ) superheated-steam ( a f t e r  
White, e t  a l .  ( 16 ) )
Eqs. ( 1 ) and ( 2 ) use pressure P and enthalpy h as the 
unknown dependent variables .  The solution of these two equations 
will give the pressure and enthalpy d i s t r ib u t io n s  of the geothermal 
reservoir  under concern. Once these two are obtained, the other 
PVT propert ies  of the geothermal f lu id  such as temperature,  water 
s a tu ra t ion ,  e tc .  expressed as functions of P and h, can be computed. 
The basic approach to derive eqs. ( 1 ) and ( 2 ) can be summarized 
by the following diagram:
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I
Mass balance eq. j 1 Darcy’s eqs. fo r Energy balance eq.
fo r  steam and UJ steam and —» for  steam, water
water ;
i
I water and rock
Eqs. ( 1 ) and ( 2 ) j 
P, h as unknown 
var iab les
Fig. 2 Development of model equations
Consider a d i f f e r e n t i a l  volumetric element of a geothermal 
re se rv o i r .  This element is  consis ted  of compound water ( l iqu id  
water and/or vapor steam ) and rock ( so l id  ) .
The mass balance eq. with a point  sink term ( 9 ) is
—  [ * V s  +  * V w ] +  ( P s ^ s  ) + b V. ( p ^ v ^  )
- bqg - bq^ = 0  
with
9 = 4( P )
Ps = Ps ( P.h ) 
Pw = Pw ( P,h )
and Sg + = 1
( 7 ) 
( 8 ) 
( 9 ) 
( 10 ) 
( 11 )
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Define p = + S^p^ , ( 12 )
eq. ( 7 ) becomes
3( !j)p )
b ----------- + b V * ( pgVg ) + b V. ( p^v^ )
3 t
bqg - bq^ = 0 ( 13 )
The energy balance equation in terms of en thalp ies  with a point  
heat  sink term ( 9 ) is
3
‘>3—  [ SsPs^s + W w  >  ^ 1 ]
• " b V ,  ( P ; h ; V ;  + ) + b 7 . (  ^  + %r )
- bq^hg - bq^h^ = 0  ( 14 )
where
^  = “s *  T
( 15 )
\  '  " w .  4 -  ‘ ’
V  = U, .  ( 1 7  )
Eq. ( 14 ) assumes c ap i l l a r y  pressure P to be n e g l ig ib le :
Pc = Ps - Pw = 0 ( 18 )
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or Pg= = P ( 19 )
Also,  compressible work is  neglected in eq. ( 14 ).
Define h = '
represents  the  medium conduct ion/d ispers ion flow term ( 9 ) 
which i s  given by
= - Km- ?  T < 22 )
with
K„ = K„ ( x .y  ) ( 23 )
Eq. ( 14 ) can now be w r i t t en  as
S ;P ;h ;  t  S^P^h*
b ------  L *P (   ) + ( 1 - 4 )  Ip-h ]
a t  p
+ b ?. ( Pghg:; + P^h^v^ ) + b V .
- bAghg - bq^h^ = 0  ( 24 )
or
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b | - j -  [ * p h  +  ( ! - ( ( . )  O p h p ]  +  b ? .  ( )
b v .  ( Km 7T ) -  bq^hj -  bq„h„ = 0  ( 25 )
Darcy's equations fo r  steam and water neglecting gravity  
segregation are
-  _ —  VP , ( 26 )
» “ s
with
Put eqs. ( 26 ) and ( 27 ) in eq. ( 13 )
7. (   7P ) + 7. (   7P )
‘^ s >^w
( 27 )
k = k { x,y ) ( 28 )
< S»'Ss ) ( 23 )
< 30 )
P; = 11; ( T ) ( 31 )
P„ = U„ ( T ) ( 32 )
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3 ( (j)p )
3 t
With T = T ( P.h ),
( 1 ) 
( 33 )
'  ( -WF-- 'h  + <
3T
T h  )p ( 34 )
and eqs. ( 26 ) and ( 27 ) ,  eq. ( 25 ) becomes
V. (
b  b ; h s k k r ;
VP ) .  V. ( VP )
3T 3T
+ V. { K b [ ( -----  )k VP +---(-------)p Vh ] }
3P " 3h
+ bq^hg + bq,^h^ = b   [  $ph + ( 1 -  p ) p^h^j ( 2 )
2.3 F in i te  Difference Analog
The block-centered type gr id  ( 17 ) is  used fo r  formulating 
the f i n i t e  d i f fe rence  equations fo r  eqs.  ( 1 ) and ( 2 ):
X ( I )
»  i  •  I  •  '
• •
Y
y ( 0 )
Fig. 3 Block-centered grid
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Each f i n i t e  d i f fe rence  equation is  to be w r i t t en  on each ce l l  of the
grid:
i ^ i - n
■ i^-%1 -
^i+Vi i.
I
f y i+n
*i-% *i+%
* i - l
1— 1.... !- - - -
* i + l
i - n
•
1.-1 i Ay
i ^ n
■'A'"
— » AX —
Ÿ
1 : ce l l  index
n : maximum number o f  c e l l s  in the x -d i r ec t io n
Fig. 4 Cell configuration
In th i s  study, s ingle  indexing is  u t i l i z e d  to  id e n t i fy  functions  
w r i t ten  within the two-dimensional ( x-y ) region. Thus,
P" = P ( X . ,y . ,n  ) 
h" = h ( x . , y . , n  ) ,  e tc .
( 35 ) 
( 36 )
where n is  the time leve l .
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The us e  o f  s ing le  indexing f o r  iden t i fy ing  the d if fe rence  
va r iab les  is  fo r  the ease of coding these va r iab les  in s ingle  
dimensioning in the computer s imulator program developed l a t e r .
The advantage of doing th i s  i s  th a t  the use of s ing le  dimensioning 
is  more e f f i c i e n t  fo r  the computer to handle than th a t  of double 
dimensioning, which must be used as a r e s u l t  of using double 
indexing of the unknown va r iab les .
Consider eqs.  ( 1 ) and ( 2 ).
Multiply eq. ( 1 ) by V/b :
*^ w^ rw
V.  ( kV------------- VP ) + V. ( kV--------------  VP )
>^s ^w
9( V*p )
+ V ( q + q ) =   ( 37 )
^ a t
With n as the old time level and n+1 as the curren t  time 
l e v e l ,  the im p l i c i t  f i n i t e  d if fe rence  analog fo r  eq. ( 37 ) can be 
w r i t t en  as:
k A p k kA p k
 — ] ' - k ------n - ]  < >
 ^ i+H  ^ i - H
kA P  k kA p k
+  ( < n  c  >
 ^ 1+kn 1-hn
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+ Vq.
( V*P - ( V*P )? (  2 g  )
where
St = 4s + 4w ( 39 )
A t  = t " + l  -  t "  (  40  )
Ax, Ay = increment of x, y ( 41 )
V
A.. =
X A x  
V
A. =y Ay
( 42 ) 
( 43 )
Let M = V(J)p ( 44 )
and de f ine  the following in te rb lock  t r a n s m is s ib i l i t y  terms:
j  ' '*y Os^rs
) — ------  ( 46 )
'^x  Pw^rw
T = ( — T—  ) ------------  ( 47 )
w x   ^ A x  ^
24
Pw^rw
^wy ■ ( Ay ) Ww  ^ ^
Using these ,  eq. ( 38 ) can be w r i t t en  as:
\  [ ( Twx + [(  T^y * V  ) AyP"+'j
m"+1 .  m"
+ Vq^ . =   ( 49 )
^ At
where
1 1
( 50 )
( 51 )
Sim ilar  d i f fe rence  operations hold fo r  and
Eq. ( 49 ) i s  the im pl ic i t  f i n i t e  d i f fe rence  analog of eq. ( 1 ) 
in terms of f i n i t e  d i f fe rence  operators and in te rb lock  t r a n s m is s ib i l i t y  
terms. A s im i la r  one developed fo r  eq. ( 2 ) is  as follows.
Multiply eq. ( 2 ) by V/b;
%^rs Ps^rw
V. ( kV— —  hgVP ) + V. ( kV—  h^VP )
+ VV. { K [  ( - - - - - -  ) .  7P  +  ( - - - - - -  ) p  V h J  >
9P " 9h
9
+ Vqghg + Vq^h^ = V ------  [*ph + ( 1 - * )p^h^] ( gg )
9 t
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The im p l i c i t  f i n i t e  d i f f e rence  analog fo r  eq. ( 52 ) can be 
w r i t t en  as:
h j  ( - p f  1 ) - [ - 4 — ^  ( p f  -  p ? : |  )
AX u
s 1+4  ^ i - h
^w^rw
““ H H  " 1-%
kA 0 k
)
 ^ i +Vi i -%n
+[5 ^ (  p?:; - pf '  ) - [ ^  -  < -} , )
- X P s ^ r g
’> Ax
kA„ P. .k^ .
X rw
h ■
Ax P „  W
kAy :  r s  h
Ay
kA P, k^„y r s
■— :---- h .
i+Vi i-%n
A / _  31 A K 31
i —  ( ^î : î  - ) - [—  <3— >h] < '
1+^ . i-%
A_ K 3 T  A 3 T
i — ( ^ ) p ]  ( '  ■ [ —  < ^ - ) p i  ( )
i +h i ~h
AK a I  AK 31
) - [ —  ( w - ) j  ( ■ p?:n '
i+Jsn i-%n
4 ^  (4 ^) p  ( - h- '  ) - [ - i -  (^ )p ] ( hT' - )
i+J^n i-V)
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+ V ( qghs + V w  )
{V [(|iph + ( 1 - (J) )Pphp] }" - V [4^h  + ( 1 -  * Ipphp]"
= ---------------------------------------------------------------------------------------------  ( 53 )
At
Let E = V [  <i)ph + ( 1 -  (|) jp^hp] ,  ( 54 )
% = + q„h„ ( 55 )
and d e f in e  the fo l lowing in t e rb lo c k  t r a n s m i s s i b i l i t y  terms:
9T
^hx " ^wx^wx ^sx^sx  ^ ~Ax  ^  ^ 3P \  ( 56 )
 ^  ^ 3T
^hy '  ^wy^wy ^sx^sy ^  ^ Âÿ  ^  ^ 3 P ( 57 )
A x ^  3T
^cx "  ^ ~Ax ) ( 9h )p ( 58 )
AySn 3T
:cy = (—  ) (—  )P ( 59 )
With these  and eqs.  { 45 ) ,  ( 46 ) ,  ( 47 ) ,  ( 48 ) ,  ( 54 ) ,  ( 55 ) ,
eq. ( 53 ) can be expressed  as ;
£n+l .  gn
* '  — St—  < >
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where
'  T h x , ^  ( -  P f '  )
-  Thx, J  P f '  - ’’t l  ) ( 61 )
\ (  ( pn+1 .  p n . l  ,
- ^hy, ^ ( P f  ^  - P?:p ) < 62 )
I - ’ j f l
Sim ilar  d i f fe rence  opera tions  hold fo r  and .
Eqs. ( 49 ) and ( 60 ) represent  the f i n i t e  d i f fe rence  analog of 
eqs. ( 1 ) and ( 2 ) r e spec t ive ly  in concise form. Note t h a t  these 
two d i f f e ren c e  equations are  formulated in f u l l y  im p l ic i t  scheme.
Also, M = M( P,h ) ( 63 )
9M 3M
so dM = —|-p—  dP + —g-pj—  dh ( 64 )
3 M
o r  -  M" = ( — p —  )n + i ( P""^^  -  P" ) +
3 M
)„*, ( -  h" ) ( 65 )3 h 'n+1
E = E( P,h ) ( 66)
3 E  3E
dE = T P "  * " 8 h -  ( 67 )
or - E" = ( 4 ^  )„+! ( P"*^ - P" )
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" ( - 4 r  >nn  ( h "* '  - ) ( 68 )
Using eqs. ( 65 ) and ( 68 ) ,  eqs. ( 49 ) and ( 60 ) can be 
expressed re sp ec t iv e ly  as:
\  T«% + Tsx > " Ay [ ( Twy + Tsy
3M - P"
+ = ( - 3 T “  )3 P ^ 'n+1 At
3M - h"
3h )n+l At ( )
Ax ( ThxAxP""' I +Ay ( )
" Ax( TcxAxh"*' ) + Ay ( )
3E ( pn^'l - P" ) 3E ( - h" )
^ ( "3P )n+l Ât "^("W^n+l At
( 70 )
The boundary condi tions  given by eq. ( 3 ) to  eq. ( 5 ) ind ica te  
a thermally insu la ted  or  a no-flow or an ad iab a t ic  geothermal r e s e rv o i r  
boundary. The f i n i t e  d i f fe rence  analog fo r  these  equations can be 
represented by the following equations:
P, - P , . J  = 0  ( 71 )
Pi - P,+i = 0  ( 72 )
h  ^ - h j_ j  “ 0 ( 73 )
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hj -  = 0  ( 74 )
P, -  p , . ,  = 0  ( 75 )
Pi -  P,+^ = 0  ( 76 )
h, - h,+% = 0 ( 78 )
Note t h a t  eq. ( 71 ) to eq. ( 78 ) correspond to zero 
t r a n s m i s s i b i l i t y  terms in the c o e f f i c i e n t s  of the f i n i t e  d i f fe rence  
model eqs. ( 69 ) and ( 70 ) a t  the boundaries of the  gr id  c e l l s .
2.4 Solut ion Method
The transformation of  the  two c o n t in u e s  d i f f e r e n t i a l  eqs. ( 1 ) 
and ( 2 ) in to  the  two d i s c r e te  d i f fe rence  eqs.  ( 69 ) and ( 70 ) 
has been developed in the  previous s ec t ion .  The so lu tion  of eqs.
( 69 ) and ( 70 ) ,  with appropr ia te  i n i t i a l  and boundary condi tions  
of th e  geothermal system under concern wil l  give pressure  and 
enthalpy  d i s t r i b u t io n s  versus time.
One common and d i r e c t  approach of solving eqs. ( 69 ) and ( 70 ) 
is  to  solve them simultaneously by using some i t e r a t i v e  technique 
as th e  c o e f f i c i e n t s  in the  d i f f e r en ce  equations are nonlinear.  One 
such popular scheme is the Newton-Raphson method.
Note th a t  fo r  each cell  in the r e se rv o i r  grid there  are two 
unknown va r iab les  P and h to be determined. Thus, there  are  f ive
30
unknowns f o r  each equation and a t o t a l  of ten unknowns fo r  the  two
simultaneous eqs.  ( 69 ) and ( 70 ) w r i t t en  fo r  each c e l l .  For a
re se rv o i r  g r id  of N ac t ive  c e l l s ,  t h i s  would mean 2XN equations
with 2XN unknowns to  be computed.
The amount o f  computational work involved in solving eqs.  ( 69 ) 
and ( 70 ) can be very la rge  by using the  aforementioned im p l ic i t  
simultaneous scheme e spec ia l ly  i f  the r e s e rv o i r  grid  i s  very la rge ,  
e .g .  a 400-cell  g r id .  One approach to  tack le  t h i s  problem is  to solve 
the f i n i t e  d i f f e r en ce  eqs.  ( 69 ) and ( 70 ) in sequence each time 
s tep ( 18 ). An example of sequential  numerical so lu t ion  is the 
" leapfrog " method ( 19 ) fo r  solving average pressure  and 
c a p i l l a r y  pressure  in sequence in petroleum re se rv o i r  simulation.
The so lu t ion  method used in t h i s  study fo r  solving eqs. ( 69 ) 
and ( 70 ) ,  the  f i n i t e  d i f ference  analog, i s  based upon a v a r ia t io n  
of the  sequentia l  numerical so lu t ion .  The complete algorithm is  as 
follows:
Eq. ( 6 9  ) can be arranged to y ie ld :
A„[! 4. ]
- Â T  [ ( - I r  )n+l ]
At 9p 'n+1 '  9h 'n+1
( 79 )
By using eqs. ( 50 ) and ( 51 ) and on c o l lec t in g  terms, eq. ( 79 ) 
can be w r i t t en  in compact form as:
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with
"P’ '  ^ "  ’
3pi = Twx. ■*■ Tgx. ( )
T -h  1 -h
“p1 '  - t  ’’w x , ^  * * ^sXi+H * Tsx,.% ^ ^«^1+%,'" ^«yi-isn
1 3M
c . = T + T ( 84 )pi WXi+% sx,+%
' [( 4 ^  >„n  ^ (4 -  ).1 ( - ?^ >5 -' ‘pi = ■ ^ 3 F
( 86 )
Recall t h a t  the t r a n s m is s ib i l i t y  terms are  given by eqs. { 45 ) ,
{ 46 ) ,  ( 47 ) and ( 48 ).
Similar to the above procedure,  eq. ( 70 ) can be arranged as:
At ah ^n+1 ( ) ]
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T h / / " * '  ) ^ ^  t (  )]
As before ,  eq. ( 87 ) can be w r i t t en  in  compact form as:
®hi^i-n ^h i^ i -1  ‘^ hi'^i  ^ ‘^ hi^i+l  ^fii^i+n " ^hi  ^ ^
w i t h
"hi '  >
"hi ° ■ "  T « , _ ^  ^ 'cJ'i+Hn* 'cJ ' i- ijn * ~  ' “ ^h”  '"+1^
( 91 )
"hi '  ^ c x . ^  ' “  >
n + 1
‘ '  ? + !  - ‘ ’ "i+n
9E 1 r 3E
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Recall again the t r a n s m i s s i b i l i t y  terms are  given by eqs.  { 45 ),
( 46 ) ,  ( 47 ) ,  ( 48 ) .  ( 56 ) ,  ( 57 ), ( 58 ) and ( 59 ).
Eqs. ( 80 ) and ( 88 ) are  j u s t  rearrangements of eqs.  ( 69 ) 
and ( 70 ) .  Nothing new is  c rea ted .  However, these  rearrangements 
permit the app l ica t ion  of sequent ia l  method described e a r l i e r .
Thus, a t  a c e r t a in  time s tep ,  i f  the f lu id  enthalpy h i s  known a t  
each c e l l ,  then the f lu id  pressure  P a t  each ce l l  can be computed 
by solving eq. ( 80 ).  Once the P values are obta ined, eq. ( 88 ) 
is  then solved to back ca lc u la te  or ' update ' h. The a l t e r n a t i v e  
to t h i s  is  by f i r s t  solving h using eq. ( 88 ) and then P by eq. ( 80 ).  
Hence, ins tead of solving eqs. ( 69 ) and ( 70 ) simultaneously 
( two unknowns in each grid  ce l l  ) ,  we end up solving two d i f fe rence  
eqs. ( 80 ) and ( 88 ) one a t  a time ( one unknown in each ce l l  ).
I t  i s  obvious th a t  solving eq. ( 80 ) or ( 88 ) is a l o t  e a s i e r  than tha t  
of eqs. ( 69 ) and ( 70 ) simultaneously.  More importantly ,  the 
former approach would be a more computationally e f f i c i e n t  one than 
the l a t t e r  scheme. Now i t  remains to  decide which equation 
should be solved f i r s t  in the simulation of geothermal r e s e rv o i r :  
the pressure ( or flow ) eq. ( 80 ) or the enthalpy ( or energy ) 
eq. ( 88 ) .  The understanding of the  thermodynamic p roper t ie s  of 
the geothermal f l u i d  is  important fo r  doing t h i s  as well as giving 
physical support fo r  the app l ica t ion  of sequentia l  scheme in 
geothermal r e s e rv o i r  simulation.
Consider f i g .  1, the pressure-enthalpy diagram fo r  compound 
water,  showing th ree  regions representing possib le  i n i t i a l  conditions 
fo r  a geothermal re se rv o i r .
I f  a re se rv o i r  were found th a t  i n i t i a l l y  ex is ted  e n t i r e ly  
within the compressed-water region (T) , the producing mechanism
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is  l i k e l y  to  be due to the volumetric expansion of  geothermal 
f l u i d  as in the  case of undersaturated o il  r e se rv o i r  production»
Because of the immense amount of heat energy contained in the 
rock, the  geothermal r e s e rv o i r  would be producing isothermally.
Thus, according to f i g .  1, t h i s  r e s e rv o i r  would follow an isoen tha lp ic  
path of  product ion.  In o ther  words, on production,  there  would be 
a decrease in f l u i d  pressure but only a s l i g h t  or no change in 
f l u i d  enthalpy . The simulation of th i s  type of r e s e rv o i r  would 
allow us to solve fo r  the flow equation f i r s t  and then the energy 
equation l a t e r .
I f  a r e s e rv o i r  were fjund tha t  i n i t i a l l y  ex is ted  e n t i r e ly  within 
the two-phase steam-water region (T) , the r e se rv o i r  could be 
produced in d i f f e r e n t  ways ( 3 ).  Two most possib le  schemes are 
d iscussed  below. The f i r s t  is  th a t  the r e se rv o i r  can be produced 
i so therm al ly ,  leading to a constant geothermal f l u i d  pressure with a 
change in f l u i d  enthalpy. The pressure  s ta r t s  to drop when a l l  the 
l iq u id  water has vaporized in to  steam. The simulation of th i s  
type of  r e s e rv o i r  would allow us to  solve fo r  the enthalpy equation 
f i r s t  and then the pressure  equation l a t e r .  The second is  th a t  
the  r e s e r v o i r  can be produced following an i soen tha lp ic  path,  r e su l t in g  
in both pressure  and temperature dec l ine .  The simulation of th is  
type of  r e s e r v o i r  would allow us to solve fo r  the  pressure equation 
f i r s t  and then the enthalpy equation l a t e r .  For the two producing 
behavior discussed, the f i r s t  one is  the most l i k e ly  to occur.
I f  a r e s e rv o i r  were found th a t  i n i t i a l l y  ex is ted  e n t i r e ly  
within  the superheated-steam region (3) , the producing mechanism is  
l i k e ly  to be due to the volumetric expansion of geothermal f lu id
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as in the case of dry hydrocarbon gas r e s e rv o i r  production.  As 
in the case of compressed-water type r e s e rv o i r ,  t h i s  r e s e rv o i r  
would produce following an isothermal path ( 3 ) ,  r e s u l t in g  in 
both pressure  and enthalpy decline  of the geothermal f l u i d .  However, 
as ind ica ted  by f i g .  1, the r a t e  of change of f l u i d  enthalpy would
be a l o t  smal ler than tha t  of f l u i d  pressure .  The simulation of
th i s  type of r e se rv o i r  would allow us to  solve fo r  the flow equation 
f i r s t  and then the energy equation l a t e r .
In th i s  study, the c o e f f i c i e n t s  on the l e f t  s ide  of eq. ( 80 ) or 
( 88 ) ,  involve terms which are dependent on P and h, are  to  be 
computed a t  the n+1 time leve l .
Consider the simulation of a compressed-water type geothermal 
re s e rv o i r  using sequential  method as described before .  The procedures 
fo r  so lving the pressure  and enthalpy equations are:
1. Assume  ^ _
2. Compute c o e f f i c i e n t s  of pressure  eq. ( 80 ) .
3. Solve eq. ( 80 ) to  get  p"+l 'k+l
4. Test  fo r  convergence:
p n + l , k + l  _ p n + l , k
p n + l , k
I f  convergence i s  a t t a in ed ,  go to the next s tep .
I f  convergence i s  not a t t a in e d ,  perform re laxa t ion :
p n + l , k + l  ^ p n + l , k  ^  ( p n + l , k + l  _ p n + l , k   ^  ^ t h e n
repea t  2, 3 and 4.
5. Compute c o e f f i c i e n t s  of enthalpy eq. ( 88 )
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6. Solve eq. ( 88 ) to ge t  h"+l 'k+l
7. Test  fo r  convergence:
^ n + l , k + l  _ ^ n + l , k
^n+l,k
I f  convergence i s  a t t a in e d ,  go to the next s tep .
I f  convergence is  not a t t a in ed ,  perform re laxa t ion ;
^n+l,k+l  ^ j^n+l,k ^ ( j^n+l,k+l _ ^n+l,k then repeat
5, 6 and 7.
8. Use l in e a r  in te rp o la t io n  to p red ic t  the values
of the next time s tep .  Repeat 2 , 3 , . . . , 8 .
The above process can be summarized in the following flowchart .  
The one fo r  f i r s t  solving eq. ( 88 ) and then eq. ( 80 ) is  s im i la r .
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n = 1
k = 1
I n i t i a l  guess:
Compute c o e f f i c i e n t s  of
eq. ( 80 ) a t  cu r ren t  time level
h so lu tion  
^converaes %
n = n+1
No
p O + l j k + l  _  p O + l j k  ^
^  ( p n + l , k + l  _ p n + l , k  )
Solve eq. ( 80 ): p"+l 'k+ l  j k = k + 1
P so lu t ion  
converges ?
Compute c o e f f i c i en t s  of
eq. ( 88 ) a t  cu r ren t  time level
Ÿ
Solve eq. ( 88 ):
n+l,k+l ^ ^n+l,k ^
k = k + 1
Use l in e a r  ex t rapo la t ion  to  predic t  
pH+l,k^ ^n+l,k
Fig. 5 Flowchart: main algorithm fo r  so lv ing pressure  and enthalpy 
equations sequen t ia l ly
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The previous d iscuss ion  of the  use of sequentia l  so lu tion  
technique in geothermal r e se rv o i r  simulation i s  based on the fac t  
t h a t  the geothermal r e s e rv o i r  i s  e i t h e r  in the compressed-water region, 
the steam-water region, or the superheated-steam region. I f  the 
r e se rvo i r  i s  in the period of  t r a n s i t i o n  from one region to another 
region during s imula tion,  the sequential  technique can be used 
by u t i l i z i n g  a smal ler time s tep  to  minimize mathematical truncation 
e r ro r s .  Once the re s e rv o i r  has been switched completely to a 
' new ' region,  the methods discussed before can be used. For 
in s tance ,  a geothermal r e s e rv o i r  i s  i n i t i a l l y  in the compressed- 
water region (T) of f i g .  1; i t  i s  to be produced isothermally .
Thus the flow equation wil l  be solved f i r s t ;  the  energy equation 
wil l  then be solved to  back c a lc u la te  enthalpy. During the time 
the re se rv o i r  is  changing from compressed-water type to two-phase 
steam-water type,  a smal ler time step  is  used,  s t i l l  solving flow 
equation f i r s t  and energy equation second. Once the  whole re se rvo i r  
i s  in the steam-water reg ion ,  the simulation wi l l  proceed with solving 
energy equation f i r s t  and flow equation l a t e r  as the re se rvo i r  is 
to be produced isothermally .
2.5 Matrix Solution Mehtod: SIP
Eq. ( 80 ) or ( 88 ) when wri t ten  fo r  each ac t ive  ce l l  in a 
r e se rv o i r  grid  of  N ac t iv e  c e l l s  wil l  produce a system of pentadiagonal 
matrix equations to be solved:
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\ r
II .
; hN
!vi
I  y
'hi
hN
( 95 )
{ 96 )
The s e le c t io n  of a method to solve the  above pentadiagonal 
matrix  system is  very important because the  e f f ic ie n cy  of a r e se rvo i r  
simula tor i s  determined by i t s  a b i l i t y  to solve  the pressure  ( or 
enthalpy in t h i s  case ) equations e f f i c i e n t l y  ( 17 ) .  The choice 
of e i t h e r  d i r e c t  or i t e r a t i v e  method, which a re  the two main matrix 
so lu t ion  methods, to  solve  a matrix system, i s  based ch ie f ly  on 
the  s i z e ,  the  sparseness  and the diagonal dominance of the matrix 
system. Generally speaking, d i r e c t  methods l ik e  matrix decomposition 
( LUD ), Gauss-Jordan, e t c .  are adequate f o r  f u l l  small matrices 
( e . g . l e s s  than 50 x 50 system ). I t e r a t i v e  methods l ik e  Gauss- 
Se ide l ,  r e l a x a t i o n , e t c .  are  good fo r  l a rge  sparse  matrices ( e.-.g. 
a 400 X 400 system ).  In th i s  study, an i t e r a t i v e  scheme is  
used in the geothermal r e se rv o i r  s im ula to r .  The main reason i s  th a t
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the simulator Is designed to be capable of  handling a la rge  re se rv o i r  
grid .
Among the d i f f e r e n t  i t e r a t i v e  methods fo r  solving pentadiagonal 
matrix systems in petroleum rese rv o i r  s imula tion,
PSOR ( poin t  success ive  overre laxation  ) ,
LSOR ( l i n e  success ive overre laxat ion  ) ,
ADIP ( a l t e r n a t i v e  d i r e c t io n  im p l ic i t  procedure ) ,  and 
SIP ( s t rongly  im p l i c i t  procedure ) 
are the most common ones to be used. In th i s  study, SIP is  implemented 
in solving the pressure  or enthalpy equations fo r  the following 
reasons.
F i r s t^ I 'P  is applicable  to both heterogeneous and a n iso t ro p ic  
r e s e rv o i r s ,  which are the more rearT'i'stic ones ( ins tead  of homogeneous 
and i so t ro p ic  types ) found . Second, SIP is  not very 
s en s i t iv e  to the s e lec t ion  of i t s  i t e r a t i o n  parameters,  which makes 
the i t e r a t i v e  method simple to use. Third,  SIP usually  converges 
f a s t e r  than o the r  methods except in the t r i v i a l  case of so lving 
homogeneous and i so t ro p ic  systems. Details  of comparision of SIP 
with other competit ive matrix  methods can be found in Stone ( 20 ) 
and Weinstein ( 21 ).
There are th ree  vers ions of SIP, namely, odd-numbered i t e r a t i o n ,  
even-numbered i t e r a t i o n  and odd-even-numbered i t e r a t i o n .  The l a s t  
version is  determined to be the best  by Suarez and Farouq Ali ( 22 ) .  
Thus the odd-even-numbered i t e r a t i o n  wil l  be used in t h i s  s tudy. The
complete algorithm and the se lec t io n  of i t e r a t i o n  parameters are
well documented in Stone ( 20 ) ,  Weinstein { 21 ) and Al-Marhoun ( 23 ).
They are summarized as the following ( 17,23 ) :
41
Consider the  following equation w r i t t en  fo r  a cel l  in f i g .  4:
+ bjXj + + f , x , + ,  = d. ( 97 )
This equation when wr i t ten  fo r  every ce l l  in a reservo i r  grid 
of  N a c t iv e  c e l l s  will  produce a system of pentadiagonal matrix 
equations to  be solved:
/  >
X ,
x-i
1 1
d. ! ( 98 )
s, y
or equ iva len t ly :
AX D ( 99 )
SIP, an i t e r a t i v e  scheme, involves the transformation of the 
o r ig in a l  pentadiagonal matrix A in to  a modified matrix A' which 
can be e a s i l y  fac to r ized  in to  a product of of two matrices:  the 
lower t r i a n g u la r  matrix L and the upper t r i a n g u la r  matrix (J.
Define
^k+l ^ xk+1 _ /
( 100 ) 
( 101 )
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Solving the or ig inal  eq. ( 99 ) i s  equivalent  to solving;
= Rk ( 102 )
As A' = LU ( 103 )
eq. ( 102 ) becomes
{ 104 )
l e t
yk+1 = ugk+1 ( 105 )
so Lv^+l = ( 106 )
and Ugk+l = v^+1 ( 107 )
v^^^ and d^^^can be solved very e a s i ly  by performing forward 
and backward su b s t i tu t io n s  on eqs.  ( 106 ) and ( 107 ) r e spec t ive ly .  
The unknown vector x is  then computed as:
xk+1 = %k + gk+1 ( 108)
Convergence of the so lu t ion  is  reached when the following 
i s  s a t i s f i e d :
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" i  = Xj.k+l
C e ,
1 = 1 , 2 , . . . ,N .
£, a predetermined e r ro r  to le rance .
In the odd-numbered i t e r a t i o n s ,  the L and U are;
( 109 )
( 110 )
U'
1
( 111 )
The f a c t o r i z a t i o n  algorithm fo r  i = 1 , 2 , . . . , N  i s
hj = / (  + 1 )
( 112 ) 
( 113 )
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-  ^ p 9 -j (  1 1 4  )
Bi = b. ^% 9i " V i  - ^ 1^--n ■ AiCl-l ( )
C^. = ( - oyg^ ) /  B., ( 117 )
Fi = ( f \  - a^h. ) /  B. ( 118 )
w h e r e  Op  is  the  SIP i t e r a t i o n  parameter.
Once the L and U c o e f f i c i e n t s  are  computed,
vf+l = ( -  A ,v^ t |  ) /  B, , ( 119 )
i = 1 , 2 , . . . ,N,
and
i = N ,N - 1 , . . . , 1 .
In the  even-numbered i t e r a t i o n ,  the L and U are :
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L =
U =
The fa c to r i z a t i o n  algori thm fo r  i = i s
9i = = i^ i+l /  ( “ t-^l+1 + 1 )
= ^1*1+ n /  ( " r A j + n  + '  *
F, = f j  -  «.H,
C, = c,  - 0^9,
B, = b, +0.^9.  + - C,A,+i - F ^ ,+  %
) /  B^.Ai ( a .
( 121 )
( 122 )
Et = ( e^ . - ) /  B.
{ 123 ) 
( 124 ) 
( 125 ) 
( 126 ) 
( 127 ) 
( 128 ) 
( 129 )
where ct  ^ i s  the SIP i t e r a t i o n  parameter.
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Once the  L and U c o e f f i c i e n t s  are computed,
v f l  = ( R, - C,v,+1 - ) /  B, . ( 130 )
i =
and
Ô k+l = yk+1 _ E. <sk+^  - A.5 k+l , ( 131 )1 I I  - T)  1 1 •  i
i = 1 , 2 , . . . ,N.
Thus the  odd-even-numbered version of  SIP is  made up o f  a 
sequence o f  opera tions  of o d d - i t e ra t io n  followed by even- i te ra t ion  
described above.
The SIP i t e r a t i o n  parameters are  given by ( 18 ):
min
: - “max = ' j
( 132 )
21^ ( l+AY/W ) '  2j2 ( 1+A(/AY) I
1 - a .  = ( 1 - a „ „  F-l ) / (  s - 1 ) , { 133 )max
where AY = t r a n s m i s s i b i l i t y  in y -d i r e c t io n ,
AX = t r a n s m i s s i b i l i t y  in x -d i r ec t io n ,  
s = number o f  parameters in the  cycle 
and each ct  ^ is used twice in succession ( odd-even- i te ra t ion  ).
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2.6 Computer Geothermal Simulator: CGS
Based upon the  previous d iscu ss io n s , an e f f i c i e n t  geothermal 
re se rv o ir  s im ula tor using the sequentia l technique can be implemented. 
The computer geothermal s im ulator developed in th i s  s tudy, e n t i t l e d  
CGS , is  a two-dimensional ( x-y ) s im ulator capable of simulating 
e i th e r  one-phase or two-phase, homogeneous or heterogeneous, 
iso tro p ic  or an iso t ro p ic  geothermal re s e rv o i r  systens with sinks 
and sources included ( i f  any ). The computational un its  used in 
the sim ulator are  the centimeter-gram-second ( CGS ) u n i ts .  However, 
input and output un its  can be in terms of petroleum engineering 
f i e ld  u n i ts .
CGS is  coded in FORTRAN IV language and is  made up o f one 
main program and 24 subroutines. Every e f f o r t  is  made to  program 
the sim ulator ( CGS ) in the  most e f f i c i e n t  way. The concepts of 
s tru c tu red  programming are used: GO-TO le ss  programming, modularization 
of programs, and the top-down design o f  programs ( 24 ). Unnecessary 
and redundant computer statements are avoided. CGS is  debugged on 
the IBM 370/158 computer. The design o f the  main program is  presented 
in th i s  sec tion  while the d i f f e r e n t  subroutines with the a f f i l i a t e d  
algorithms are  presented in the following sec t io n .  For b e t te r  and 
c le a re r  p re sen ta t io n ,  a pseudo language is  used instead  o f  flowcharts 
for describ ing the  d i f f e r e n t  routines in CGS ( 25 ).
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PSUEDO LANGUAGE DESCRIPTION OF COMPUTER GEOTHERMAL SIMULATOR ( CGS ) 
MAIN
ASSIGN ARRAY AREA FOR VARIABLES 
INITIALIZE DATA 
READ WELL INFORMATION
CALL TITLE: TO IDENTIFY THE SIMULATION RUN
CALL GRID: TO INPUT RESERVOIR GRID INFORMATION
CALL CELL: TO IDENTIFY ACTIVE CELLS
CALL INPUT: TO INPUT Ax,Ay, b, k, P^, h^, K^, T-
CALL OUTIN: TO OUTPUT THE ABOVE LIST OF VARIABLES
COMPUTE VOLUME OF EACH CELL, MASS IN PLACE, ENERGY IN PLACE,
WATER IN PLACE, STEAM IN PLACE 
KODE = 0
INITIALIZE h", p", p "+ l 'k ,  y"
CALL CONTER: TO COMPUTE THE CONSTANT TERMS IN SIMULATION 
TIME = 0 
START DO
TIME = TIME + DT
IF ( TIME .LE. FINTIM ) THEN
1 CALL HSHW: TO FIND h^,
CALL FUNPHA: TO DETERMINE THE PHASE STATUS OF EACH ACTIVE CELL,
THE RESERVOIR TYPE, ITYPE ( 1 FOR 1-P, 2 FOR 2-P ) ,  AND
^w’ ^ s ’ ^ rs '  Hg* P’ ^ s ’ (  ^ 3h“  ^P
2 CALL POR: TO COMPUTE ROCK POROSITY
CALL ROCKH: TO COMPUTE ROCK ENTHALPY
CALL WELL: TO COMPUTE FLUID AND ENERGY FLOW RATE IN WELLS
CALL UPSTRM: TO'UPSTREAM WEIGH'EACH*INIEBBLO.CK h , h , k , kw s rw rs
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CALL METDER: TO COMPUTE 9P ’ 3h ’ 3P ’ 3h 
CALL TRANSM: TO COMPUTE TRANSMISSIBILITY TERMS T^, T^, T^, T^
IF ( ITYPE .EQ. 2 ) G0T04
IF ( KODE .NE. 1 ) THEN
3 CALL COEP: TO COMPUTE PRESSURE EQUATION COEFFICIENTS
CALL ALSIP: TO COMPUTE OPTIMUM SIP ITERATION PARAMETERS FOR PRESSURE 
EQUATION
CALL SIP; TO COMPUTE P"^^'k+I gy siP 
KODE = 0
TEST FOR CONVERGENCE OF P:
IF ( CONVERGENCE .EQ. FALSE ) THEN 
CALL RELAX: P^+l = P*^  + w ( P^+1 - P*^  )
G0T02 
END IF
IF ( ITYPE .EQ. 2 ) G0T05 
ELSE
4 CALL COEH: TO COMPUTE ENTHALPY EQUATION COEFFICIENTS
CALL ALSIP: TO COMPUTE OPTIMUM SIP ITERATION PARAMETERS FOR ENTHALPY 
EQUATION
CALL SIP: TO COMPUTE BY SIP
KODE = 1
TEST FOR CONVERGENCE OF h:
IF ( CONVERGENCE .EQ. FALSE ) THEN 
CALL RELAX: h k + l=  h ^ )
G0T02 
END IF
IF ( ITYPE .EQ. 2 ) G0T03
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5 CALL MBC2: MATERIAL BALANCE CHECK, MBC 
IF ( MBC OK ) THEN 
CALL HSHW: TO FIND h^,
CALL FUNPHA: TO DETERMINE THE PHASE STATUS OF EACH ACTIVE CELL,
THE RESERVOIR TYPE, ITYPE ( 1 fo r  1-P, 2 fo r  2-P ) ,  AND
9T 9T
^w’ "^rw' kps' Pg' ( ” 3P" ( ~3fT"
CALL RESULT: WRITE RESULTS, P, h, T, S^
ELSE
ADJUST TIME STEP DT
GOTOl
END IF
RESET P " ,  h " ,  t "
CALL PREDIH: TO PREDICT P " ^ ^ ' k  ,
KODE = 0 
ELSE
STOP SIMULATION 
END IF 
END DO
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2.7 Simulator Subroutines
The subroutines implemented in CGS a re  presented in a lphabetical 
order as the following.
Subroutine ALSIP
Purpose: to  compute optimum SIP i t e r a t io n  parameters 
Other subprograms requ ired : none
The algorithm  is  given by eqs. ( 132 ) and ( 133 ).
PSEUDO LANGUAGE DESCRIPTION OF ALSIP:
SUBROUTINE ALSIP
ASSIGN ARRAY AREA FOR a, c ,  e ,  f ,  a 
START DO: K = 1, M 
COMPUTE a  ,  : EQ. ( 132 )liiaA
END DO
START DO: 1 = 1 ,  NPSIP 
COMPUTE a . :  EQ. ( 133 )
END DO 
RETURN
Subroutine CELL
Purpose: to  id e n t i fy  the a c t iv e  c e l l s  in the re s e rv o i r  grid  
Other subprograms requ ired : OUTCEL
Regular Gaussian o rdering  of grid  i s  used ( 18 ).
PSEUDO LANGUAGE DESCRIPTION OF CELL:
SUBROUTINE CELL
ASSIGN ARRAY AREA FOR ICELL, lACT, e tc .
WRITE CELL INDEX IN GRID USING GAUSSIAN ORDERING 
CALL OUTCEL
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READ ICELL
IDENTIFY ICELL AS ACTIVE ( 1 ) OR INACTIVE ( 0 )
COUNT THE NO. OF ACTIVE CELLS, M
CALL OUTCEL
RETURN
Subroutine COEH
Purpose: to  compute the  c o e f f ic ie n ts  of enthalpy eq. ( 88 ) 
Other subprograms required : none 
PSEUDO LANGUAGE DESCRIPTION OF COEH:
SUBROUTINE COEH
ASSIGN ARRAY AREA FOR TRANSMISSIBILITY TERMS AND OTHERS 
START DO: K = 1, M 
i = ACTIVE CELL INDEX 
COMPUTE
EQ. ( 89 )
EQ. ( 90 ) 
b^i EQ. { 91 )
Chi eq. ( 92 )
fhi eq. ( 93 )
dhi eq. ( 94 )
END DO 
RETURN
Subroutine COEP
Purpose: to  compute the c o e f f ic ien ts  of pressure  eq. ( 80 ) 
Other subprograms required: none
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PSEUDO LANGUAGE DESCRIPTION OF COEP:
SUBROUTINE COEP
ASSIGN ARRAY AREA FOR TRANSMISSIBILITY TERMS AND OTHERS 
START DO: K = 1,M 
i = ACTIVE CELL INDEX 
COMPUTE
6p^ . EQ. ( 81 )
Eq. ( 82 ) 
bp^ . EQ. ( 83 )
Cpi EQ. ( 84 )
fp i EQ. ( 85 )
dp^ . EQ. ( 86 )
END DO 
RETURN
Subroutine CONTER
Purpose: to  compute constant terms in sim ulation 
Other subprograms required: none
In t h i s  ro u t in e ,  the absolu te  pe rm eab il i t ie s  k^, and thermal 
co n d u c tiv i t ie s  are  harmonic weighted, Ax, Ay, and b mid­
point weighted ( 18 ).
PSEUDO LANGUAGE DESCRIPTION OF CONTER:
SUBROUTINE CONTER
ASSIGN ARRAY AREA FOR k. Ax, Ay, b, e tc .
START DO: K = 1, M
COMPUTE INTERBLOCK Ax, Ay, b, k^, k ',K^^ , , kA/Ax, kA/Ay
END DO
RETURN
5 4
Subroutine FUNPHA
Purpose: to determine the phase s ta tu s  of each a c t iv e  c e l l ,  the  re se rv o i r
type , ITYPE ( 1 fo r  1-P, 2 fo r  2-P ) ,  and S^, S^, k ^ ,  I ,
/ 3T \ I 3T \
dg ’ Ps '  ( 3P 'h  ' I ah 'P
Other subprograms required: RELPER
The following equations ( 9 ) are  used in  t h i s  ro u tin e :
Refer to  f i q .  1, the pressure-en thalpy  diagram fo r  compound water. 
Oefine
p = -----7—  { 134 )
10^
{ 135 )
l o '
2
where P = geothermal f lu id  p ressu re , dynes/cm , 
h = geothermal f lu id  en thalpy , e rg s /g  
In the  compressed-water region (T) :
Sj = 0 ( 137 )
= 1 ( 138 )
k p ;  =  0  (  1 3 9  )
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= -28.1515 -  0.137458P + 0.301117H + 3536.37/H -
4.31919xlO’ ^H  ^ ( 140 )
= %*( T )
= 10"G{ 241.4x10 (247.8 /(  T + 133.15 )] y ( 141 )
P =  P ^ (  P , H  )
= 0.989875 + 4.00894xl0"^p -4.00489xl0‘ ^H + 2 .66608/H
+ 5.46283xl0"^pH - 1.29958xl0“^H  ^ ( 142 )
In th i s  study, ( ■ y p - • can be obtained by d i f f e r e n t ia t in g
eq. ( 140 ) ,  so 
= ( -
= - 0 . 1 3 7 4 5 8 x 1 0 " 7  ( 1 4 3  )
S im ila r ly ,
( 3 7 \ _ / 9 T \ / 3 H \
 ^ 9h ^P " I 9H /p I 9h ‘
= ( 0.301117 - 3536.37/H^ - 8.63838xl0"^H ) x 10"^
( 144 )
In the superheated-syeam region @  :
= 0 • ( 145 )
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Sg = 1 ( 146 )
krw = 0 ( 147 )
krs = 1 ( 148 )
T = Tg  ( p . H  )
= - 3 7 4 . 6 6 9  + 4 7 . 9 9 2 1 P  -  0 . 6 3 3 6 0 6 p ^  + 7 . 3 9 3 8 6 x l O ’ ^H^
- 3.3372x10®/ ( H^pZ ) + 0 . 0357154/p^ -  1 . 1725xlO‘ ^H^p
- 2.26861xlO^®/H^ ( 149 )
= 10"® ( 0.407T + 80.4 ) ( 150 )
P = Pg ( P,H )
• 2 . 2 6 1 6 2 x 1 0 ' ®  + 0 . 0 4 3 8 4 4 1 P  -  1 . 7 9 0 8 8 x l 0 “ ®pH +  3 . 6 9 2 7 6 x l 0 " ® p ^
+ 5.17644xlO'l®H®p ( 151 )
As before .
(  ^7 ) I S P )
 ^ 3P 'h  I Sp /H I 3P /
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= [47.9921 - I.267212P + 6.5744x10®/ ( H^p^) - 0 . 1071462/p^
- 1.1725xlO“^h^ ] X 10"? ( 152 )
14.78772xl0"®H + 6.6744xl0®/( H^p? )
- 3.5175xlO'^H^p + 9.07444xl0^®/H® xlO-7 ( 153 )
In the water-steam region ( | )  :
h - h
and Sg = 1 - { 155 )
where
h$ = h$ ( p ) ,  same as eq. ( 169 ) described in subroutine 
HSHW, ( 156 )
h^ = hw ( p ). same as eq. ( 170 ) described in subroutine 
HSHW. ( 157 )
k ^ ,  k^g are  obtained by c a l l in g  the subroutine RELPER described 
l a t e r .
The following equation is  developed using the temperature- 
pressure data fo r  sa tu ra ted  steam ( 26 ).
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T = T ( P )
= 3 . 89878P°"237722 ( 153 )
w h e r e  T i s  i n  °C a n d  P in  dynes/cm^.
\  T ) ,  s a m e  a s  e q .  ( 1 4 1  ) ( 1 5 9  )
Wg = Wg( T ) ,  s a m e  a s  e q .  ( 1 5 0  ) ( 1 6 0  )
= pj  P , H  ) ,  s a m e  a s  e q .  ( 1 4 2  ) ( 1 6 1  )
Pg = P g (  p , H  ) ,  s a m e  a s  e q .  ( 151  ) ( 1 6 2  )
A s  b e f o r e ,
( - | ^  = 0 . 9 2 6 8 2 6 P ' ° - 7 ^ 2 2 6 8  ( 154 )
( 4 ^  )p = 0 ( 165 )
T h e  d e t e r m i n a t i o n  o f  t h e  g e o t h e r m a l  f l u i d  p h a s e  ( w a t e r ,  
w a t e r - s t e a m  o r  s t e a m  ) i n  a n  a c t i v e  c e l l  i  c a n  b e  d o n e  b y  u s i n g  
t h e  f o l l o w i n g  i n e q u a l i t i e s :
i f  h j  <  h^^., f l u i d  i s  c o m p r e s s e d - w a t e r  { o n e - p h a s e  ) ( 1 6 6  )
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i f  , f lu id  i s  water-steam ( two-phase ) ( 167 )
i f  h  ^ >  hg^ , f lu id  i s  superheated-steam { one-phase ) ( 168 )
h^, hg are  the en th a lp ies  of sa tu ra ted  water and steam 
re sp ec tiv e ly .
PSEUDO LANGUAGE DESCRIPTION OF FUNPHA :
ASSIGN ARRAY AREA FOR P, h, Sg, S^, k ^ ,  u^,Pg, p, Pg,
* s^’ *^ w’ " f p "  ’ T I T  ’ e tc .
START DO: K = 1, M
i = ACTIVE CELL INDEX
DETERMINE FLUID PHASE IN EACH CELL i USING EQS. ( 166 ) ,  ( 167 ),
{ 168 )
IPHASE. = 1 FOR COMPRESSED-WATER, 1 FOR WATER-STEAM, 3 FOR SUPERHEATED- 
STEAM ■
IF ( IPHASE. .EQ. 1 ) THEN
COMPUTE S„, S^. k „ ,  k^3. T. P. )^ . ( I f  )p USING
EQS. ( 136 ) , . . . , (  144 )
END IF
IF ( IPHASE. .EQ. 2 ) THEN
COMPUTE p^,p^, S^, Sg USING EQ. ( 142 ) , EQ. ( 151 ) , EOS. ( 154 ) .......... ( 157
CALL RELPER: TO COMPUTE k ^ ,  k^^
COMPUTE T, U g ,  P ,  ( )h , ( EQS. ( 158 ) , . . . , (  165 )
END IF
IF ( IPHASE. .EQ. 3 ) THEN
COMPUTE S„, S j .  k „ .  kps, T, P. ( I f  < i f  >P ^OS.
( 145 ) , , , (  153 )
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END IF 
END DO 
RETURN
Subroutine GRID
Purpose: to  Input re se rv o ir  g r id  information 
Other subprograms required: none 
PSEUDO LANGUAGE DESCRIPTION OF GRID:
SUBROUTINE GRID 
READ I ,  J 
N = I * J 
RETURN
Subroutine HSHW 
Purpose: to  find  h^, h^
Other subprograms required: none
The following c o r re la t io n  equations ( 9 ) fo r  sa tu ra ted  steam and 
sa tu ra te d  water are used in t h i s  rou tine:
hg= { 2 8 2 2 . 8 2  -  3 9 . 9 5 2 / p  + 2 . 5 4 3 4 2 / p ^  -  0 . 9 3 8 8 7 9 p ^  ) x 10^  { .169 )
h ^  = ( 8 0 9 . 6 7 4  +  9 4 . 4 6 6 5 P  -  4 . 5 0 2 4 7 p ^  +  0 . 1 2 0 2 6 5 p ^  -  1 6 2 . 7 / p
+ 29.8163/pZ - 1 .75623/p^ ) x 10? ( 170 )
where p is  defined in eq. ( 134 ).
PSEUDO LANGUAGE DESCRIPTION OF HSHW
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SUBROUTINE HSHW
ASSIGN ARRAY AREA FOR h^, h^, P, e tc .
START DO: K = 1, M 
i = ACTIVE CELL INDEX 
COMPUTE
EQ. ( 169 )
EQ. ( 170 )
END DO 
RETURN
Subroutine INPUT
Purpose; to  input a m atrix  of g r id  v a r iab les  
Other subprograms requ ired : none
Input va r iab les  l ik e  Ax, Ay, k, P^  , e tc .  are read in the main 
program through the use of th i s  ro u tin e .  This rou tine  can modify the
given grid  data ( v ) by adding ( o r  sub trac t in g  ) a constan t ( B )
I
and/or m ultip ly ing  a constant ( A ) to  the  o rig ina l data to  become v
V = Av +  B ( 171 )
PSEUDO LANGUAGE DESCRIPTION OF INPUT:
SUBROUTINE INPUT
ASSIGN ARRAY AREA FOR VAR, ID, e tc .
READ ID
READ ICODE, SAME, A, B
IF ( ICODE .EQ. 1 ) VAR. = SAME: i = 1, M
READ VAR.: i = 1, M
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IF ( ICODE .EQ. 2 ) RETURN
IF ( ICODE .EQ. 3 ) VAR.= A * VAR.: i = 1, M
IF ( ICODE .EQ. 4 ) VAR.= VAR^. + B: i = 1, M
IF ( ICODE .EQ. 5 ) VAR.= A * VAR. + B: i = 1, M
RETURN
Subrouti4ne MBC2
Purpose: to  compute m aterial balance e r ro r  
Other subprograms required: none
The r e l a t iv e  m aterial balance e rro rs  fo r  water and steam can be 
computed ( 23 ) as the following:
N
Mj = Z^[VpjSj -  ( Pjc + PjAt ) ].j , j  = w, s ( 172 )
= MIP^ + MIPg ( 173 )
r j  = - ^  ( Mj -  M I P j ) ,  j  = w, s  ( 174 )
" t  :  +  "S  -  " t  ) < 1”  )
Define
r  = max | ry , j  = w ,s , t  ( 176 )
In order fo r  a simulation model to  be s ta b le ,  we requ ire
( 177 )
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where is  a predetermined e r ro r  to le ra n ce  c r i t e r io n .
When eq. ( 177 ) is  s a t i s f i e d  o r  the  number of t r i a l s  o f  d i f f e r e n t  
time steps  ( A t ' s  ) has been exceeded, the cumulative f lu id  and 
energy production fo r  water and/or steam are updated as follows;
A : : '  = As"c + A f 'A t  ( 179 )
( 180 )
PSEUDO LANGUAGE DESCRIPTION OF MBC2:
SUBROUTINE MBC2
ASSIGN ARRAY AREA FOR <j>, p^, p^, q^, q^ , ^v^c’ ^ s c ’ ^w’ ^ s ’ *^ h’ *^hc’
SET W, S, RW, RS ALL ZERO
COMPUTE r j ,  r^ ,  r  USING EQS. ( 174 ) .......... ( 176 )
IF ( r  .LE. .OR. NTRIAL .GT. MAXDT ) THEN
COMPUTE qJJJ  ^ , q ^ ^ ^  q[jj^ FOR EACH WELL USING EQS. ( 178 ) , . . . , (  180 )
ELSE
RETURN
END IF
RETURN
Subroutine METDER:
Purpose: to  compute - | -p- , -|  ^ ■ , - | -p— , ,
Other subprograms required : none 
Recal1
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M = V(j)p ( 44 )
E = v[cj)ph + ( 1 -  * )Pphp] ( 54 )
Using the f i r s t  forward d iffe rence  approximation, th e  following 
p a r t ia l  d e r iv a t iv e s  are obtained:
( 181 )9M _ M"+l - M"
3 P aP
3M M"+l - M"
3h Ah
3E ^n+1 _ E"
3 P AP
3E _ - E"
( 182 ) 
( 183 ) 
( 184 )3 h Ah
PSUEDO LANGUAGE DESCRIPTION OF METDER:
SUBROUTINE METDER
ASSIGN ARRAY AREA FOR - | | -  ’ e tc .
START DO: K = 1, M
i = ACTIVE CELL INDEX
COMPUTE m" , E" USING EQS. ( 44 ) ,  ( 54 )
compute ( - H -  . ( - H -  ) .  USING EQS.
( 181 184 )
END DO 
RETURN
Subroutine OUTCEL
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Purpose: to  output a m atrix  of in te g e r  va riab les  
Other subprograms req u ired : none
This ro u tin e  i s  used in the  rou tine  CELL fo r  p r in t in g  out the 
Gaussian o rdering  of the  re se rv o i r  g r id  and the  d is t r ib u t io n s  of the 
a c t iv e  and in a c t iv e  c e l l s .
PSEUDO LANGUAGE DESCRIPTION OF OUTCEL:
SUBROUTINE OUTCEL 
ASSIGN ARRAY AREA FOR KVA 
START DO: K1 = 1, I ,  IW
K2 = MINO ( K1 + IW - 1, I )
START DO: K = 1, J
WRITE KVA (( K - 1 ) * I + L ): L = Kl, K2
END DO
RETURN
Subroutine OUTIN
Purpose: to  output a m atrix  of real, va r iab les  
Other subprograms req u ired : none
This ro u tin e  i s  used fo r  the  p r in t  out o f  a matrix of input 
and computed v a r iab les  l i k e  Ax, Ay, k, P, h, e tc .
PSEUDO LANGUAGE DESCRIPTION OF OUTIN:
ASSIGN ARRAY AREA FOR VAR, ID 
WRITE ID
START DO: Kl = 1, I ,  IW
K2 = MINO ( Kl + IW - 1, I )
START DO: K = 1, J
WRITE VAR (( K - 1 ) * I + L ): L = Kl, K2
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END DO 
RETURN
Subroutine PGR
Purpose: to  compute rock porosity  
Other subprograms required: none
The rock porosity  in t h i s  study i s  assumed to  be a function  of 
pressure  only ( 9 ):
* = [ l  + 6( P -  Pi )] ( 185 )
where 4)^  = 4»^ ( x,y ) ( 186 )
PSEUDO LANGUAGE DESCRIPTION OF POR:
SUBROUTINE POR
ASSIGN ARRAY AREA FOR tf), 4) ,^ P, P i .e t c .
COMPUTE 4> USING EQ. ( 185 ) FOR EACH ACTIVE CELL 
RETURN
Subroutine PREDIH
Purpose: to p red ic t  an unknown v a r iab le  a t  the new time s tep  
Other subprograms required: none
This rou tine  uses the technique of l in e a r  ex trap o la t io n  to  
p re d ic t  the  approximate value of an unknown v a riab le  a t  n+1 time 
le v e l .  The algorithm is
given ( t^ ,y ^  ) ,  ( tg .yg  )
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find  y 2 tg
, ( y? - Yi )
' 3  '  ? !  + ( t3  - ) ( t  ■ ■- t [ T  ' >
At the  end of each time s tep ,  the values , h"^^ are 
p redicted by using th is  ro u tin e .
PSEUDO LANGUAGE DESCRIPTION OF PREDIH:
SUBROUTINE PREDIH
ASSIGN ARRAY AREA FOR y" , y " ' l  , e tc .
COMPUTE y"+l BY EQ. ( 187 ) FOR EACH ACTIVE CELL 
RETURN
Subroutine RELAX
Purpose: to  perform re lax a tio n  process fo r  unknown v ariab les  
Other subprograms requ ired : none
The algorithm fo r  re lax a tio n  ( 27 ) i s :
yk+1 = yk + w( y^+l - y% ) ( 188 )
PSEUDO LANGUAGE DESCRIPTION OF RELAX:
ASSIGN ARRAY AREA FOR y*^  , y^+1 , e tc .
COMPUTE: y^+1 BY EQ. ( 188 ) FOR EACH ACTIVE CELL 
RETURN
Subroutine RELPER
Purpose: to  compute water and steam r e la t iv e  p e rm eab il i t ie s  
Other subprograms requ ired : none
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In the  two-phase ( water-steam ) region of a geothermal r e s e rv o i r ,  
the r e l a t iv e  pe rm eab il i t ie s  of water and steam can be computed by using 
Corey's equations ( 9,28 ):
rw
rs
( 1 'wi )
( S,., •
( s
where = 0 .0 5
)
wm 'wi )
1 - ( Sw - ^wi ) 
(
2 'I
( 189 ) 
( 190 ) 
( 191 )
and S = 0 .9 5  wm ( 192 )
PSEUDO LANGUAGE DESCRIPTION OF RELPER:
SUBROUTINE RELPER
COMPUTE k ^ ,  USING EQS. ( 189 ) , . . . , (  192 )
RETURN
END
Subroutine RESULT
Purpose: to  output r e s u l t s
Other subprograms required : OUTIN
This ro u tin e  p r in ts  out time, time s te p ,  average f lu id  p ressu re  
P ,, average f lu id  enthalpy h,, , average f lu id  temperature T ,„ ,  average
3V a V  a V
produced f lu id  temperature T^^p, maximum m ateria l balance e r ro r  r^ ,  
pressure  m atrix , enthalpy m atr ix , temperature m atrix , and water
sa tu ra t io n  m atrix . P , h , T and T are computed using theav av av avp ^
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volume weighted equations:
( 1 9 3 )
Tav = --------  ( 194 )
EV.
E h . V .
ZT-.V.
Tavp '  - j '- —  < IS® )
PSEUDO LANGUAGE DESCRIPTION OF RESULT:
SUBROUTINE RESULT
ASSIGN ARRAY AREA FOR q ^ ,  q ^ ^ ,  q ^ ,  q , ; ,  q ^ ,  q ^ c *  P a v ’ ^ a v '  "^av ’ "^avp ’ e t : '
WRITE t .  At, Pay' hay, T^y, ^avp' ’"m 
WRITE q ^ . , q^p, Agi, Agp' % i ’ ^hp 
CALL OUTIN: TO OUTPUT P, h, T, S^ 
RETURN
Subroutine ROCKH
Purpose: to  compute rock enthalpy 
Other subprograms required: none
Rock enthalpy is  assumed to  be a function  of temperature ( 9 ):
h = 2.040615x10^ + 8.498886x10^ + 3.76427xlO^T^ ( 197 )
r
PSEUDO LANGUAGE DESCRIPTION OF ROCKH: 
ASSIGN ARRAY AREA FOR T, h_
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COMPUTE h y, USING EQ. ( 197 ) OFR EACH ACTIVE CELL 
RETURN
Subroutine SIP
Purpose: to  solve a pentadiagonal m atrix  system by SIP 
Otner subprograms required : none
The odd-even version of SIP is  used. The algorithm  is  given by 
eqs. ( 112 ) , . . . , (  131 ).
PSEUDO LANGUAGE DESCRIPTION OF SIP:
SUBROUTINE SIP
ASSIGN ARRAY AREA FOR a , b, c ,  d, e ,  f ,  U, Ul, a ,  AA, CC, EE, FF, y , e tc .  
SET AA, CC, EE, FF, y ALL ZERO 
COMPUTE d  ^ EQ. ( 101 )
START DO: II  = 1, MAX 
START DO: 12 = 1, NPAR 
RESM = 0
START DO: K = 1, M 
i = ACTIVE CELL INDEX
COMPUTE AG, AH, EE, AA, BB, CC, FF, y BY EQS. ( 112 ) , . . . , (  119 )
END DO
COMMUTE U BY EQ. ( 120 )
START DO: K = 1, M 
DUl = U
COMPUTE AG, AH, FF, CC, BB, AA, EE, y BY EQS. ( 123 ) , . . . , (  130 )
END DO
COMPUTE U BY EQ. ( 131 )
TEST FOR CONVERGENCE USING EQ. ( 1 0  9 )
IF ( CONVERGENCE OK ) THEN
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U = U + Ul 
ELSE 
END DO 
END IF 
RETURN
Sdb rou tine  TITLE
Purpose: to  id e n t i fy  the s im ulation run
Other subprograms required: none
PSEUDO LANGUAGE DESCRIPTION OF TITLE:
SUBROUTINE TITLE
ASSIGN ARRAY AREA FOR J
READ J
WRITE 0
RETURN
Subroutine TRANSM
Purpose: to compute transm issi b i l i t y  terms 
Other subprograms required: none 
PSEUDO LANGUAGE OESCROPTION OF TRANSM: 
SUBROUTINE TRANSM
A S S i m  ARRAY AREA FOR T , , ,  7 ^ , ,  T ^ ,  T , y ,  T , y ,  T ^ y ,  T ^ y .  T ^ , y ,  7 ^ ; , ,
Thwy' ^hsy' ^tc.
START DO: K = 1, M
1 = ACTIVE CELL INDEX
IF ( IPHASE. .EQ. 1 .OR. 2 ) COMPUTE T^^. : EQ. ( 47 )
IF ( IPHASE. .EQ. 3 .OR. 3 ) COMPUTE T^^. : EQ. ( 45 )
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Thxi = EQ- ( 5G )
Tcxi = EQ- ( 58 )
IF ( IPHASE. .EQ. 1 .OR. 2 ) COMPUTE : EQ. ( 48 )
IF ( IPHASE. .EQ. 3 .OR. 2 ) COMPUTE T^^. : EQ. ( 46 )
Thyi = EQ- ( 5? )
Tcyi = EQ. ( 59 )
END DO 
RETURN
Subroutine UPSTRM
Purpose: to  perform upstream weighting o f variab les  
Other subprograms required: none
This ro u t in e  is  used to  ' upstream weigh ' an in terb lock  v a r iab le  
V. , or V. , . Consider the  following c e l l  configura tion :
i - n •
i • - 1 i*
-  &
1 - %
Fig. 6 In terb lock  ce ll  configuration
I f  P. T > P . ,  then V. . = V. ,  ,  otherwise v.  ,  = v.  ( 198 )1 - 1  1 1-^ 1-1 1-^ 1 '
I f  P. > P . ,  then V. . = V. , otherwise v. , = v. ( 199 )i - n  1 i-ijn i -n  i-^n i
PSEUDO LANGUAGE DESCRIPTION OF UPSTRM: 
ASSIGN ARRAY AREA FOR TX, TV, X, Y, Q, e tc .
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START DO: K = 1, M 
i = ACTIVE CELL INDEX 
TX,. = X.
IF ( q ._ i  . GT. Q. ) TX. = X._^
TYi = y.
IF ( Q._^ .GT. Q. ) TV. = Y..^
END DO 
RETURN
Subroutine WELL
Purpose: to compute f lu id  and energy flow ra te s  in  w ells  
Other subprograms requ ired ; none
Sources ( in je c t io n  w e lls  ) and sinks ( production w e l ls  ) are 
read in the s im ula to r by p o s i t iv e  and negative mass flov ra te s  ( )
re sp ec tiv e ly .
For a well in the compressed-water region,
S, = '  ZOO )
pg = 0 ( 201 )
Ah = V  ( 202 )
For a well in the water-steam region ( 9 ) ,  
k.
O .: = ^ ------------------------ ( 203 )
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Ag = ( 204 )
= " t  • "s  ( 205 )
"h '  + "wH. ( 2!>6 )
For a w e ll  in the superheated- steam reg ion .
= 0 ( 207 )
= q^ ( 208 )
q^ = ( 209 )
PSEUDO LANGUAGE DESCRIPTION OF WELL 
SUBROUTINE WELL
ASSIGN ARRAY AREA FOR KWX, KWY, q^, q^, , q^, , h ^ , h, e tc .
START DO: K = 1, NW 
j = WELL INDEX 
IF ( IPHASEj .EQ. 1 ) THEN
COMPUTE , qg, q^ USING EQS. ( 200 ) , . . . , (  202 )
END IF
IF ( IPHASEj .EQ. 2 ) THEN
COf-IPUTE Og, c^ , qg, q^ USING EQS. ( 203 ) , . . . , (  206 )
END IF
IF ( IPHASEj ;EQ. 3 ) THEN
COMPUTE q^, qg, q^ USING EQS. ( 205 ) , . . . , (  209 )
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END IF 
END DO 
RETURN
CHAPTER THREE 
RESULTS
3.1 Testing of Simulator; CGS
The geothermal simula tor CGS is  te s t ed  using two d i f f e r e n t  
se t s  of geothermal da ta .  The f i r s t  is  the  hypothetical  data presented 
by Mercer and Faust ( 9 ). The second i s  the East Mesa geothermal 
f i e l d  data presented by Morris and Campbell ( 29 ) .  A typica l  
computer simulation output is  shown in the  appendix.
3.2 Simulation Results 1: Mercer and Faust Problem
In t h i s  t e s t  of the simulator CGS, the hypothetical  data ( 9 ) 
of which the i n i t i a l  pressure and temperature a re  approximately 
equal to those in the  Wairakei f i e l d  of New Zealand are used. The 
re se rv o i r ,  a compressed-water ( hydrothermal ) type,  is  taken to be 
homogeneous in p rope r t ie s .  The centimeter-gram-second ( CGS ) unit s  
are used. The r e s e rv o i r  grid  with the  s ix  production w e l ls ,  the 
orig inal  f i e l d  data ( 9 ) and the  program run parameters are  shown 
as follows.
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A 16 X 11 r e s e r v o i r  grid i s  used to  overlay the  r e se rvo i r :
10 11 12 13 14 15 16
J
Ax10
11
Fi:g. 7 Reservoir  grid fo r  Mercer and Faust problem
2
Ax
Ay
Well number 
Production well
Reservoir boundary
3.9286x10* cm
3.8889x10* cm
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Parameter Value
k 2.5 X 10” ^^ c m ^
Km 3.2 X 10^ ergs/sec-cm-°C
* 0.1
Pr 2.5 g/cm^
B 7.25 X 10"^^ cm^/dyne
i Az 5.0 X 10^ cm
X 5.5 X 10^ cm
y 3.5 X 10^ cm
'■i 6.895 X 10^ dynes/cm^
"i 1.047 X 10^0 ergs /g
Pi 0.8148 g/cm^
Ti 242.1°C
-2 .0  X 10^ g/sec
■ "2 -1 .5  X 10^ g/sec
-1.25 X lO'  ^ g/sec
"4 -1.75 X 10^ g/sec
- 2.0 X 10^ g/sec
PS -1 .5  X 10^ g/sec
Table 1 Data given in Mercer and Faust ( 9 )
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In addi t ion  to the  above da ta ,  the following are  used in 
th i s  t e s t  o f  the s imula to r  CGS.
Parameter Value i
^ i 4.3188 X 10® ergs/g  ;
\ i 1.0 I1
2si 0.0 1
“ P- 0.6 1
^ h 1.0 i
m^ 0.01 1
e 0.001 i
At 2.592 X 10® sec
ts 3.1104 X 10  ^ sec
Table 2 Program run parameters
For the purpose of  comparing r e s u l t s  with those of Mercer and 
Faust ( 9 ) ,  the same time step  At used by these  authors in t h e i r
7
simulation is  used. Thus the simula tor i s  run fo r  3.1104 x 10 sec 
( 360 days ) using a f u l l y  im p l i c i t  2.592 x 10^ sec ( 30-day ) time 
s tep.
The s imula tion r e s u l t s  of average f lu id  pressure  P^y, average 
f lu id  enthalpy h^^,  average f l u i d  temperature T^^, average produced 
f lu id  temperature T^^p and maximum absolute  r e l a t i v e  mass balance 
e r ro r  r^  are summarized in the following tab le .
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n t Pav hav Tav Tavp Tm
time
step
sec
X 10^
2
dynes/cm
X 10^
ergs/g
X 10^1
°C
X 10^ X 10^
f r a c t i o n  
X 10-4 :
1 0.259200* 0.675643 0.104702 0.242222 0.242327 0.325168 !
2 0.518400 0.658165 0.104702 0.242246 0.242384 0.290940 i
3! 0.777600 0.641146 0.104702 0.242270 0.242422 0.263557
1 4j 1.036800 0.624134 0.104702 0.242293 0.242454 0.236175
i 5 1.296000 0.607115 0.104702 0.242317 0.242483 0.198524 I
; 6 1.555200 0.590088 0.104702 0.242341 0.242511 0.164295 !!
: 7 1.814400 0.573058 0.104703 0.242365 0.242538 0.130067 '
: 8 2.073600 0.556026 0.104703 0.242388 0.242565 0.095839 1
9 2.332800 0.538990 0.104703 0.242413 0.242591 0.075302
10 2.592000 0.521947 0.104703 0.242436 0.242617 0.030805 ;
11 2.851200 0.505383 0.104703 0.242445 0.242336 0.044497 ;
12 3.110400 0.489443 0.104704 0.242445 0.241884 0.078725
Simulation r e s u l t s  of Mercer and Faust  problem 
J
Table 3
At = 0.259200 X 10  ^ sec ( 30 days )
* The geothermal system remains as compressed-water phase from 
time s tep  1 to 10.
** Wells nos. 4 and 5 are two-phase wells  a t  time s teps  11 and 
12.
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Simulation r e s u l t s  ind ica te  th a t  the  whole r e se rv o i r  remains 
as compressed-water phase from time 0 sec to 2.592000 x 10^ sec 
( 300 days ) .  At time 2.851200 x 10  ^ sec ( 330 days ) ,  well nos.
4 and 5 are two-phase type producing both water and steam. This 
change of  phase a f t e r  the  300-day period i s  a l so  reported  in Mercer 
and Faust  ( 9 ).
From ta b l e  3, i t  can be seen t h a t  the  average f l u i d  pressure  drops 
to  ■ Pgy are  almost isothermal and i soen tha lp ic .  As expected,  
there  a re  only very small increases in the  average f l u i d  temperature 
Tgy and the average f l u i d  enthalpy h^^. Also, the average produced 
f lu i d  temperature  increases  very l i t t l e  in each time step  from 0 
sec to  2.592 x 10^ sec ( 300 days ) .  Nominally, i t  should remain 
the same throughout t h i s  period.  However, i t  s t a r t s  to drop a f t e r  
th i s  300-day period ,  a t  t h i s  time the r e se rv o i r  has become two-phase 
in two of i t s  sinks as mentioned above. In the 300-day simulation 
period,  the maximum materia l  balance e r ro r  i s  decreasing in each time 
s tep and is  in the order of 10"^ in time steps  1 to 7, in the order 
o f  10'^  in time s teps  8 to 10. The following tab le  compares the 
r e s u l t s  obtained in t h i s  simulation with those reported in Mercer 
and Faust  ( 9 ) in the  300-day simulation period:
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: Content Mercer and Faust CGS re su l t s
model
1
1
1
f i n i t e  element type 
96 nodes and 
77 elements
f i n i t e  d i f ference  type 
16 X 11 grid 
176 c e l l s
matrix  method Gauss-Dooli t t le SIP
1 time s tep
I • •
f u l l y  im p l i c i t  
30-day
f u l l y  im p l ic i t  ; 
30-day j
f r a c t i o n  mass 
produced 0.08 0.0033
energy produced 2.74 X 10^2 ergs 2.71 X 10^2 ergs i
phase changes a f t e r  10 time 
s teps
a f t e r  10 time 
steps
Pav drops Yes Yes
Tgy changes i sothermal isothermal
hay changes small very small
average mater ia l  
balance e r r o r 0.0116 I
i
0.00181 % I
Table 4 Comparisions between CGS r e s u l t s  and those of 
Mercer and Faust  ( 9 )
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As can be seen from the above t ab le ,  the  comparisions are 
with acceptable l im i t s .
The tab le  below shows the number of i t e r a t i o n s  per time s tep 
fo r  solving the pressure eq. ( 80 ) and th a t  fo r  the enthalpy eq. 
( 88 ).
time no. of i t e r a t io n s no. of i t e r a t i o n s
step pressure eq. (75) enthalpy eq. (83)
1Ï
! 11
7
2 8 1
3 8
4 8 1
5 8 1
6 8 1
7 8 1
8 8 1
9 8
10 8 1
11 7 1
12 8
Table 5 Number of i t e r a t io n s  per time step 
( Convergence c r i t e r io n  c = 0.001 )
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The average execution computer time using CGS fo r  simulating 
the Mercer and Faust  problem fo r  a 360-day period is  27.65 IBM 
370/158 CPU seconds.  Thus fo r  the 16 x 11 r e se rv o i r  grid  and 12 
time steps  used f o r  t h i s  s im ula t ion ,  the  average CPU time is  0.013 
seconds per grid  block-time s tep .  From ta b le  5, there  a re  106 
i t e r a t i o n s .  This corresponds to an average CPU time of 0.00012 
seconds per g r id  block-time s t e p - i t e r a t i o n .  Coats ( 30 ) reported 
a f ig u re  of 0.016 CDC6600 CPU seconds per g r id  block-time s tep  fo r  
simulating a two-dimensional s ingle -well  geothermal problem with a 
g r id  s ize  of  10 x 5. This 0.016 f igu re  i s  considered to be a 
b e t t e r  f igu re  as compared to  an approximate value of 0.01 seconds 
per g r id  block-time step in the au th o r ' s  semi- impl ic i t  models 
( 30 ).  Again, the  CDC6600 computer is  a f a s t e r  machine than the 
IBM 370/158. Thus the index of 0.013 seconds per grid  block-time 
s tep  obtained by using the s imula tor CGS in the run can be 
considered to  be a very e f f i c i e n t  f igu re .
To gain more in s ig h t  in to  the  speed of simulation of CGS, the 
above simula tion problem is run using the same data as before 
except in t h i s  run the time step At i s  s e t  equal to 1..55520 x 10^ 
sec { 180 days ) ,  s ix  times as la rge  as the  previous time s tep .
The r e s u l t s  are summarized in the  following t ab le .
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n t Pav hav Tav ^avp *"m
time sec
2
dynes/cm ergs/g °C °C f r a c t io n
step. X 10^ X 10^ X lO^l X 10^ X 10^ X 10-4
1 1.555200 0.590225 0.104702 0.242340 0.242495 0.068457
2 3.110400 0.488982 0.104702 0.242429 0.241619 0.058188
Table 6 Simulation r e s u l t s  of Mercer and Faust problem 
At = 1.555200 X 10^ sec ( 180 days )
The r e su l t s  obtained in th i s  run are very c lose  to  those 
obtained before ( see t a b le  3 ). Actual ly ,  t h i s  run gives even 
lower average materia l  balance e r r o r ,  which is  0.00063 % fo r  the 
two time s teps .  The reason fo r  th i s  lower value i s  unc lear ;  i t  
is  probably due to l e ss  machine roundoff e r ro rs  involved in th i s  
run in which two time s teps  are  used ins tead of  12 time s teps  as 
used in the l a s t  run. The r e s u l t s  of th i s  run ind ica te  t h a t  the 
simulator  CGS can be a very s t ab l e  one, th a t  i s ,  l a rge  time s teps  in 
the order of hundreds of days may be used, leading to e f f i c i e n t  
simulation of geothermal systems fo r  a long production period,  say 
30 years .
3.3 Simulation Results 2: East Mesa Field Problem
In th i s  t e s t  of  the s imula tor CGS, the heterogeneous re s e rv o i r  
data of the East Mesa f i e l d  ( a hydrothermal type ) of the Imperial 
Valley o f  Cal i fo rn ia  are used ( 29 ) .  These data were prepared fo r  
the simulation of the production behavior of the East Mesa f i e l d  by
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using a three-d imensional ,  two-phase s imula to r  developed by Intercomp 
Resource Development and Engineering, In c .o f  Houston, Texas ( 30 ).  
Thus, th e  cu rren t  t e s t  i s  to  u t i l i z e  and modify pa r t  of the  o r ig ina l  
three-dimensional data to  f i t  the two-dimensional c ap a b i l i ty  of  CGS. 
In p a r t i c u l a r ,  the conceptual East Mesa f i e l d  model ( 29 ) with a 
pe r iphe ra l  f l u i d  in j e c t io n  p a t te rn  as the main fea ture  is  se lec ted  
f o r  the cu r ren t  simula tion t e s t .  As the  o r ig ina l  data are in 
conventional o il  f i e l d  u n i t s ,  these  un i ts  wil l  be used in th i s  t e s t  
as CGS i s  provided with routines  th a t  can convert  those u n i t s  in to  
the  centimeter-gram-second computational units  used by CGS. Also, 
the output w i l l  be in conventional o i l  un i ts  to  be uniform with the 
input da ta .
A 12 X 17 g r id  i s  used to  overlay th i s  re se rv o i r  model. In th i s  
model, t h e re  are nine in jec t io n  wells and th i r t e e n  production w e l l s .  
The permeabil i ty  and poros i ty  values a re  taken to  be uniform fo r  each 
column o f  c e l l s  ( 29 ). The following diagram depicts the  above 
i nformation :
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I 1 10 11 12
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Ax h “16
17
Fig.  8 Reservoir g r id  fo r  East Mesa f i e l d  problem
k, md
(p, f r a c t i o n
4 Well number 
* Production well 
1 Wei 1 number 
In jec t ion  well 
Reservoir  boundary
Ax 1056 f t  
Ay 1056 f t
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The following da ta  are used in th i s  simulation t e s t :
Parameter Value
PVI
P.,
hj>i
^wi
^si
6
Km
Az
X
y
p 
h
to ta l  production
each sink produces
to ta l  in jec t io n
each source i n je c t s
in jec t ion  f l u i d  
temperature
^m
E
At
t„
56.594 Ib /cu .  f t
56.594 Ib /cu .  f t  
156 Ib /cu .  f t  
153.131 BTU/lb 
1.0
0.0
4.0 X 10"® p s i " l
35.0 BTU/( d a y - f t - °F  ) 
1500 f t
10560 f t  
15840 f t  
2100 ps ia  
302.952 BTU/lb 
330.1 °F
2.21 X 
0.17 X 
2.16 X
10"
10
10*
8
0.24 X 10
200 °F
0.6 
1.0 
0.01 
0.001 
120 days 
600 days
8
lb/day 
lb/day 
lb/day 
lb/day
Table 7 Data fo r  East Mesa f i e l d  problem
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The s imula tion r e s u l t s  of average f l u i d  pressure  average 
f l u i d  enthalpy  h^^, average f l u i d  temperature 7 , ^ ,  average producedav-
f lu id  temperature and maximum absolu te  r e l a t i v e  mass balance 
e r r o r  r^ are summarized in the following t a b l e .
i „ t Pav ^ v Tav ^avp
time days psia BT / l b °F °F f rac t io n
; step X 10^ X 10^ X 10^ X 10^ X 10^ X 10-4
; 1 0.120000 0.207295 0.302944 0.330144 0.330987 0.295479
I 2 0.240000 0.205063 0.302945 0.330182 0.331201 0.064861
! 3 0.360000 0.202913 0.302945 0.330219 0.331292 0.204193
I 4
1
0.480000 0.200781 0.302946 0.330256 0.331346 0.533304
! 5
!
0.600000 0.198651 0.302950 0.330293 0.331389 0.838392
Table 8 Simulation r e su l t s  of East Mesa f i e l d  problem
Simulation r e s u l t s  ind ica te  t h a t  the whole r e s e rv o i r  remains as- 
compressed-water phase from time 0 to 600 days. During th i s  simulation 
period,  the pressure  drops are qu i te  small .  This is  due to 
the in je c t io n  of  f lu id  in to  the r e s e r v o i r ,  which helps maintain the 
r e se rv o i r  pressure .  In th i s  run,  the to ta l  in j e c t io n  r a t e  ( 2.16 x 
10^ lb/day ) is  approximately equal to  the t o t a l  production ra te
O
{ 2.21 X 10 lb/day ). Thus the r e se rv o i r  system should be declin ing 
( i f  any ) a t  a very low ra te .  In th i s  s im u la t ion ,  the pressure  drops 
are usually i so en th a lp ic  and isothermal .  Also,  the average produced
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f lu id '  temperature increases very l i t t l e  in each time step from 0 day
to 600 days. This is  due to the decrease in well pressure a t  constant
enthalpy, r e s u l t in g  in very s l i g h t  increase  in temperature,  as can be seen
in the pressure-entha lpy  diagram fo r  water ( f i g .  1 ). In t h i s  simulation
-4period of  600 days, the material  balance e r ro r  is  in the order of 10 
and the  average value is  0.387246x10"^.
3.4 Conclusions
Based on th i s  study, the  following conclusions can be drawn:
1. A mathematical model using two nonlinear coupled p a r t i a l  d i f f e r e n t i a l  
equations with pressure  P and enthalpy h as two unknown var iab les
can be used to describe  the t r a n s p o r t  of heat  and f lu id  flow in 
geothermal systems.
2. A f i n i t e  d i f f e rence  model based on the P-h model can be
used to simulate the  multi-phase  f lu id  and heat flow in geothermal 
systems.
3. A two-dimensional, two-phase computer s imulator CGS using the 
sequent ia l  numerical method to solve the pressure  and the enthalpy 
equations i s  made.
4. A very competit ive index of 0.013 computer CPU seconds per g r id  block­
time step  performed by CGS i s  reported.
5. The e f f ic ien cy  of CGS is  due to the use of sequential  method 
to solve two simultaneous equat ions;  t h i s  method can reduce the 
amount of  computational work by a f a c to r  of four as opposed to 
th a t  by using conventional simultaneous so lu t ion  technique in 
r e s e rv o i r  simulation.
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6. The use of  SIP as the  matrix solution method is  adequate fo r  
solving geothermal f i n i t e  d i f fe rence  equations;  i t  gives f a s t ,  
accura te  and s t a b l e  r e s u l t s  in t h i s  study.
7. The average material  balance e r ro r  given by CGS is  of the order 
of  10’ ^ in  t h i s  s tudy, in d ica t ing  th a t  CGS can be a very s tab le  
computer s im ula to r .
8 . The s im ula tion  r e s u l t s  o f  the  Mercer and Faust problem using
CGS compare favorably  with those of the o r ig ina l  au th o rs ( 9 ) ,  showing 
CGS is a va l id  s imula tor.
9. Both s imula t ions  o f  the  Mercer and Faust problem and the  East 
Mesa f i e l d  problem in d ic a te  t h a t  for geothermal systems remaining 
in compressed-water phase,  the pressure  drops will  be
under isothermal and i soen tha lp ic  condit ions .
10. The s im ula t ion  r e s u l t s  of the  East Mesa f i e l d  problem show th a t  
r e s e rv o i r  p re ssu re  maintenance can be done by in jec t in g  f l u i d  in to  
the . geothermal f i e l d .
11. The c u r r e n t  simula tor CGS can be used to determine the  optimum 
in je c t io n  and production ra te s  and/or the well spacing pa t te rn  
such th a t  the  maximum amount of heat can be ex tracted  from the 
geothermal r e s e rv o i r  fo r  the  purpose of generating e l e c t r i c i t y
in a given period of time.
12. The c u r re n t  simula tor CGS can be used, with modif ica t ions ,  
to  study geothermal f l u i d  flow in f rac tu red  systems and/or s a l in e  
systems.
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Nomenclature
A c o e f f i c i e n t  matrix o r  mult iplying constant 
A' modified matrix of  A
A^, , C ., c o e f f i c i e n t s  of L and U matr ices
A^, \  c ro s s -sec t iona l  area to x - ,  y- d i r e c t io n  flow 
AX, AY X-,  y- t r a n s m is s ib i l i t y  
a,  b, c,  e ,  f  c o e f f i c i en t s  of pentadiagonal matrix 
a^^, b^ j ,  c^^,  e^^,  f^^ c o e f f i c i e n t s  of enthalpy equation
3p^., bpj ,  Cp^, Opj, fp^ c o e f f i c i e n t s  o f  pressure  equation
B adding constant  o r  water influx constant
b re s e rv o i r  th ickness
C s p e c i f i c  heat a t  constant volume of r e se rv o i r  rock and vr
contained f lu id s  
D r ig h t  hand s ide  vector of matrix equations 
d^, d^^, dp^ r i g h t  hand side  c o e f f i c i e n t s  of matrix equation,  
enthalpy equation and pressure  equation 
E energy or in te rna l  energy
g_., hj SIP f a c to r i z a t i o n  c o e f f i c i e n t s  
H h/lO?
h geothermal f lu id  enthalpy 
hr> hg, h^ rock, steam and water enthalpy 
I number of  c e l l s  in x- d i rec t io n  
i u n i t  vec tor  or cell  index in x- d i rec t io n  
J number o f  c e l l s  in y- d i rec t ion  
j  u n i t  vector  or  cell  index in y- d i r e c t io n  
thermal conductiv ity
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k abso lu te  permeabil i ty
kpg, steam, water r e l a t i v e  permeabili ty
L lower t r i a n g u l a r  matrix o r  length of re se rv o i r
M mass
m medium
MIP mass in place
N number of c e l l s  in grid
P geothermal f l u i d  pressure
p P/10^
Q net heat  conducted to re se rvo i r  
q mass flow ra te  per u n i t  volume of re se rv o i r  
energy flow r a t e  per u n i t  volume of  re se rv o i r  
R res idual  vector  
r  r e l a t i v e  e r ro r  
S s a tu ra t io n
s number of SIP i t e r a t i o n  parameters in a cycle 
T geothermal f lu id  temperature or t r a n s m is s ib i l i t y  term 
t  time
U in te rna l  energy or upper t r i an g u la r  matrix
V grid block volume
V v a r iab leo r  intermedia te  va r iab le  to  be solved in SIP 
v^^ i n i t i a l  s p e c i f i c  volume of satu rated  l iqu id
Vg^ . i n i t i a l  s p ec i f i c  volume of sa tu rated steam
V phase average ve loc i ty  
v' modified va r iab le  of v
W width of r e s e rv o i r  or t o t a l  mass
9 4
X unknown vector
X Cartesian coordinate  o r  steam q u a l i ty  or unknown va r iab le  
y Cartesian coordinate or  unknown var iab le
Greek alphabets 
a  i t e r a t i o n  parameter 
3 rock compress ib i l i ty  
5 change in x in SIP 
At time increment, -  t "
Ax X- increment 
Ay y-increment 
£ e r ro r  to le rance
n maximum number of c e l l s  in the  x -d i r e c t i  on of grid  
X heat flow assoc ia ted  with conduction and d ispers ion 
u geothermal f lu i d  v i s c o s i ty  
u constant pi 
p geothermal f lu i d  density
a  flow c o e f f i c i e n t  of steam in two-phase region 
(j) rock porosi ty 
w re laxa t ion  parameter
Subscrip ts  and Superscrip ts  
av average
c c ap i l l a r y  or cumulative o r  cu r ren t  
D dimensionless 
e influx f lu id
9 5
H, h heat or enthalpy 
i ce l l  index or  i n i t i a l  
j  phase index 
k i t e r a t i o n  counter 
L loss 
max maximum
n time level o r  any time period 
P, p pressure or produced
r  r e l a t i v e  or rock or SIP i t e r a t i o n  parameter index 
s simula tion or  steam 
t  to ta l  
w water
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Appendix 
A Sample of CGS Output
s i m u l a t i o n  r e s u l t s  2
AVERAGE F L l HD ' P  RÈSSUR £ = 5 .  2 Û5Û 6 3Ê f'A" P n iT ---------------------------------------
AVERAGE FLUID ENTHALPY = 0.302945E+Û3 BTU/ LS
_AALEiAJ3.E_F L.U.I.D ._TEMP£RAliJR£_. = _.  ...C^3 3 J L I8 £ I.î0 .3 _ D EGR EE_S_.F_AHR£ ^ £ 1 . 1 .
, 6 4 8 6 1 3 T=0 ' 5 '
WELL
WELL
"Ta b l e s .............................................. ..............
TYPE 1 FOR INJECTION WELL 2 FOR PRODUCTION WELL
WELL NO.  I J  LOCATION WELL TYPE WATER FLOW RATE* LB/DAY CUMULATIVE* 1
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